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Abstract 
Discontinuous carbon fibre composites are becoming increasingly popular in the 
automotive and aerospace sectors, as an alternative to textile-based fibre 
reinforced composites for both semi-structural and structural components. 
Materials are highly heterogeneous, with the random architecture leading to 
uncertainties when modelling and predicting mechanical performance. The 
microscopic characteristics are known to dominate the strength of the composite, 
which need to be correctly represented to improve mechanical property 
predictions at the macro scale. 
This thesis presents a multi-scale modelling approach that captures the effects of 
microstructural (filament level) parameters at the macro scale (component level) to 
predict the mechanical properties of discontinuous composite materials. In the 
present work, a continuum damage approach has been used to initiate and monitor 
failure in the models at all scales, via a user defined material (UMAT), allowing 
strength predictions to be made for the discontinuous material within the 
ABAQUS solver. Experimental testing of the material constituents (fibre bundle 
and matrix materials) has been performed to provide input data for the finite 
element analyses. 
Micromechanical models have been developed to calculate the properties of fibre 
bundles, which are used directly at the meso and macro scale. Debonding criterion 
has also been established and validated which has been used to demonstrate that a 
small interface, with a thickness of only 1% of the fibre radius, can strongly 
influence the stress transfer between fibre and matrix materials. Interactions 
between multiple fibre bundles have been considered at the mesoscale, at a range 
of bundle orientations and separation distances. As the separation distance 
between the fibre bundles decreased there was an increase in stiffness 0 f the unit 
cell (-1.9%) across the bundle orientations considered, however, this also 
coincided with greater stress concentrations (up to 9.6%) being found in the 
bundles aligned to the direction ofloading. These stress concentrations have been 
used to produce a comprehensive stiffness reduction scheme at the macro scale to 
account for the 3D nature of the bundle interactions. 
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A 2D macro scale model is presented for generating discontinuous random fibre 
architectures consisting of high filament count bundles, with interfacial debonding 
permitted between the bundle and matrix materials. The fibre bundles are 
deposited randomly in a 2D plane to provide a representative material. The model 
has shown that the interface between the bundle and matrix material is critical at 
short fibre bundle lengths (-5mm) when detennining the mechanical properties of 
the material, with reductions in strength of up to 40% observed at low interfacial 
shear strengths. The results from the macro scale analysis for discontinuous 
materials provide predictions within -10% for tensile stiffuess and -18% for 
tensile strength when compared with experimental validations. 
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Chapter 1 - Introduction 
Chapter 1 Introduction 
1.1 Introduction to polymer matrix composite materials 
A composite material is made up of two or more components, which typically 
comprise a reinforcement material and a binding material. The reinforcement 
typically has high strength and modulus, with the binding material used to connect 
the reinforcement material together to permit the transmission of load. Polymer 
matrix composites (PMCs) can be split into two distinct groups; continuous fibre 
composites, shown in Figure 1 a, and discontinuous fibre composites, shown in 
Figure lb. PMCs have become increasingly popular over the past 20 years in the 
aerospace and automotive sectors, due to developments in raw materials and 
advances in the manufacturing processes. 
Figure 1 - A) Textile based continuous fibre composite produced by TexGen [1] 
and B) geometric representation of a discontinuous fibre composite [2]. 
Currently textile based composites dominate the aerospace market as they offer 
the greatest specific strength and stiffuess properties , with greater repeatability 
and consistency in their mechanical properties. The repeatable geometry also 
enables the prediction of mechanical properties when using different lay-ups and 
configurations, with high levels of accuracy achieved using packages such as 
TexGen [1] to generate the fibre architecture. Weight savings of 40-60% can be 
seen for equivalent performance composite components when compared to a 
metallic counterpart [3]. However, this performance increase comes at a cost, 
circa £15 per kilogram for the material [4] and between £35-125 per kilogram for 
the finished part, including manufacturing costs [5]. This has limited the use of 
carbon-epoxy textile composites to the aerospace and high-end automotive 
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markets, with production volumes of fewer than 1000 parts per annum. 
Alternatives to textiles are required if composites are to become a cost effective 
and viable alternative to metallic materials for the mainstream automotive 
industry. 
Discontinuous fibre composites, such as SMC and BMC, typically cost less to 
produce than their textile counterparts as they are automated processes that do not 
require material preparation stages, such as weaving and resin pre-impregnation. 
The weaving and pre-impregnation required for textiles ramps up the material 
cost, rendering them unfeasible to use at medium to high production volumes. 
However, recent developments in discontinuous fibre composites have led to 
greatly improved mechanical performance characteristics. 
1.2 Applications and characteristics of discontinuous fibre composites 
Discontinuous fibre composites have been used for over 50 years in a wide variety 
of applications, with over 80% of the total composite materials used in the 
automotive industry manufactured from discontinuous fibres [6]. One of the first 
notable uses in the automotive industry was the fibre glass body panels used in the 
production of the 1953 Chevrolet Corvette [7]. Discontinuous fibre composites 
can be split into a number of different categories, and these can be seen in Figure 
2, alongside their textile and continuous fibre competitors. 
Co.metlc: 
Let'" «1,000) r.'e4 m ( 30000) H"iIh C "00.000) 
Production V 10 (ppa) 
Figure 2 - Mechanical performance vs. production volume for composite 
manufacturing processes. Modified and reproduced from [8]. 
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Sheet moulding compounds (SMCs) and bulk moulding compounds (BMCs) are 
made from strands, usually under 50mm in length, of chopped glass in polyester 
resin and are typically used in cosmetic applications along with a filler - such as 
calcium carbonate. SMCs and BMCs have short cycle times, low labour 
requirements and are capable of producing complex shapes. However, they are 
unsuitable for structural applications due to their relatively low mechanical 
properties (e.g. E=lOGPa, UTS=80MPa), caused by their discontinuous nature, 
random orientation and low achievable volume fractions; 15-20% for BMCs [9] 
and 20-30% for SMCs [10, 11]. Advanced SMCs [12] have also been developed, 
which substitute glass fibres with higher performance, lower density carbon 
fibres. This improves the mechanical properties of the SMC material (e.g. 
E=50GPa, UTS=300MPa); however the volume fractions limitations associated 
with SMCs are still apparent. 
Directed fibre preforming (DFP) is an established process [13] which utilizes 
robotics to produce low cost, low scrap, high volume (>20,000ppa) preform 
fabrications [14]. Directed fibre preforms are produced by spraying chopped 
fibres and binder onto a part shaped tool, followed by a resin moulding process to 
produce the composite component. Mechanical properties are comparable with 
chopped strand mat at similar fibre volume fractions [15], with wastage levels 
down from 30wt% to 3wt% [16]. 
In response to the limitations of SMCs, BMCs and DFP, and the high 
manufacturing cost and long cycle times associated with textile reinforcements, 
materials such as Directed Carbon Fibre Preforming (DCFP) [17] have been 
developed. DCFP utilises automation to provide low levels of touch-labour, 
design flexibility and consistency when forming complex shapes [3]. This can 
provide a cost saving of up to two orders of magnitude when compared to pre-
impregnated textile composites [18]. Currently, discontinuous carbon composites 
are used commercially for semi-structural applications on the Dodge Viper [19], 
whilst 2009 saw the fIrst structural application within the aerospace industry -
producing window surrounds on the Boeing 787 Dreamliner [20]. 
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DCFP generates a lot of interest from the automotive sector, as an alternative to 
aluminium and textile-based fibre reinforced composites. The potential use for 
structural applications has also been investigated within the aerospace industry 
[21, 22] and in large wind turbine applications [23, 24]. Tensile stiffuess and 
strength values for DCFP are typically approaching 50GPa and 500MPa (55% Vf) 
for random fibre architectures [25, 26], and 80GPa and 1000MPa (55% Vf) for 
aligned fibre architectures [27], making these materials suitable for secondary and 
primary structures. However, this increase in performance by orientating the 
chopped tows leads to substantially longer cycle times [28], preventing use in 
high volume production. DFP and DCFP have been shown to be cost effective at 
annual production volumes of up to 50,000 parts per annum [29, 30]. 
Industrial development of DCFP has continued [31-35], with the most recent 
advancement known as the BRAC3D process (8entley-RayCell Automated 
Carbon Composite Charge Deposition) [36]. DCFP relies on a vacuum to adhere 
the fibres to the tool shape, making it challenging to manufacture thick-section 
and deep-draw parts. Alternatively, the BRAC3D process produces a powdered 
epoxy charge, which is sprayed simultaneously in an air stream with the strands of 
chopped carbon directly onto a 3D tool face from the arm of an industrial 6-axis 
robot. The BRAC3D process provides greater control of fibre placement, with low 
void levels observed in the material as the epoxy is evenly distributed across the 
component as it deposited with the fibre bundles onto the tool face [36]. In 
addition to this, cycle time savings of approximately 45% have been achieved 
when comparing the BRAC3D process to conventional DCFP [36]. These recent 
developments have led to a greater acceptance that discontinuous materials are a 
viable alternative to their textile counterparts when producing semi-structural and 
structural components. 
The biggest barrier to the acceptance of discontinuous materials is material 
variability and the associated problems in predicting their performance, which 
prevents designers using them with confidence. In addition to this, the perception 
is that the mechanical properties of discontinuous materials are too low. This isn't 
the case for tensile stiffuess. which has been seen to be consistent (coefficient of 
variation COY -10%) and retention values of over 90% quoted compared to 
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continuous fibre counterparts [27]. Conversely, ultimate tensile strength (UTS) 
values have been shown to vary by as much as 50% [27], and strength retention is 
currently limited to a maximum of -60% [17]. However, it has been shown in 
[37] that with efficient design, discontinuous materials can potentially replace 
woven fibre architectures with almost no reduction in performance, particularly 
for stiffuess driven components in the automotive industry. 
1.3 Modelling of discontinuous composite materials 
Discontinuous materials have historically suffered from poor repeatability, 
leading to variable part quality. Inconsistent volume fractions through the part and 
the presence of voids have rendered it difficult to validate their usage in structural 
applications. Recent advancements in discontinuous composites have allowed 
fibre architectures to be tailored with varying fibre length, bundle size, alignment 
and fibre volume fraction [38, 39]. With this increased control over discontinuous 
materials, the performance gap to continuous materials has been reduced, 
potentially increasing the usage of discontinuous materials in structural 
applications. With these recent developments, notably in ASMC (Advanced 
Structural Moulding Compound) [40-42] and DCFP [36, 38, 39], there is a need 
for a reliable predictive model to enable designers to efficiently design 
discontinuous composite components. 
Textile fabrics are repeatable and can thus be modelled as a relatively small 
periodic unit cell; discontinuous fibre composites are highly heterogeneous and 
hence non-repeating. Figure 1 b shows the variation in fibre bundle architecture 
that can be observed across a discontinuous composite, with a much larger 
geometric entity required to capture this material heterogeneity. In addition to 
this, there is currently a lack of understanding of discontinuous materials with 
complex stress transfer mechanisms dictating material performance. Stress 
concentrations at bundle ends and fibre cross-overs through the thickness of the 
material greatly influence the performance characteristics of the discontinuous 
composite [43], and these factors are not always considered in macroscopic 
models. 
13 
Chapter 1 - Introduction 
A review in [44] has shown that conventional analytical models for predicting 
tensile properties are inaccurate, since they overlook the high levels of 
heterogeneity of discontinuous architectures. This heterogeneity exists particularly 
if they consist of high filament count bundles and the component thickness is of 
the same order of magnitude as the reinforcement «lOmm). Numerical models 
are being developed at the macro mechanical (coupon) scale [2, 36, 45, 46] using 
random sequential adsorption (RSA) schemes to introduce material variability 
into the model, which give predictions within -10% for tensile stiffness compared 
with experimental validations. Few authors however, have attempted to predict 
the ultimate strength in this way, because of the complex array of failure 
mechanisms associated with discontinuous carbon fibre composites. 
The microscopic characteristics of the material have been shown to dominate the 
strength of the composite at the macro-scale [47, 48]. In all composite materials 
the load is transferred between the reinforcement and matrix by shear [49, 50]. so 
the interface between the two constituents is critical when predicting the 
performance of the material. Each component made from discontinuous fibres is 
unique; no fibre bundle architecture is the same from one component to the next. 
The presence of multiple bundle ends and the relationship at the interface between 
bundle and matrix becomes increasingly important when determining the material 
stiffuess and strength. Some existing models only consider the degradation of 
each constituent material, neglecting the other potential failure mechanisms such 
as interfacial debonding and bundle pull-out, without fully understanding their 
significance. More information is therefore needed from the micro scale and 
mesoscale, including fibre-matrix and bundle to bundle interactions, to provide a 
material model of improved accuracy, which can be used to drive future process 
and material developments. 
1.4 Project overview 
The research in this thesis was conducted as part of the RayCell project, funded 
by Bentley Motors Ltd. The aim of the project was to develop the BRAC3D 
manufacturing process for the production of high performance discontinuous 
carbon composite components for use, primarily, in automotive applications. To 
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complement the process development, the work in this thesis develops a multi-
scale material model to characterise the mechanical performance of discontinuous 
fibre composites. 
Multi-scale modelling allows the prediction of material properties at the 
macro scale, based on knowledge of the relationships obtained at the mesoscale, 
and prior to that at the microscale. At each scale there are parameters that can 
influence the mechanical performance of the discontinuous material. For example, 
at the micro scale the level of adhesion between fibre and matrix needs to be 
established, whilst at the mesoscale bundle-bundle interactions must be 
considered to quantify any stress concentrations that may arise due to the bundle 
architecture. A schematic detailing the multi-scale modelling scheme used in this 
thesis can be seen in Figure 3. 
~ ~__________ ~ D ~ A ~ J J ~ R R = D ~ U ~ c c~ I~ O ~ N ~ ~__________ ,:> 
Bundle Properties 
Bundle 
Interaction 
Knockdowns 
~ ~
Interface Properties 
Figure 3 - Multi-scale modelling scheme adopted to characterise the discontinuous 
composite material, (left to right - micro, meso and macroscale). 
1.5 Theme of work 
1.5.1 Microscale modelling 
A single fibre composite model has been developed to analyse the influence ofthe 
interfacial strength between the filament and matrix. The methodology used at this 
scale will be used to simulate debonding at the macro scale between the carbon 
bundles and epoxy resin. The second study predicts the ineffective length of a 
broken fibre in a two fibre composite material for the carbon fibres and epoxy 
15 
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resin used in this analysis. These models analyse how stress is redistributed 
around the site of a fibre break, with a full factorial study performed to look at the 
influence of the moduli of the constituents on the fibre ineffective length. In the 
fmal study, periodic unit cells with a hexagonal packing arrangement have been 
developed to predict the mechanical properties of fibre bundles at a range of 
bundle volume fractions. The calculated bundle properties will be used in the 
mesoscale and macro scale analyses. 
1.5.2 Mesoscale modelling 
The first study at the mesoscale analyses the influence of the cross-sectional shape 
of the fibre bundle when transferring load between two bundles in a unit cell. The 
fmite element study is performed to predict the bundle ineffective length of a 
fractured bundle and stress concentration factors (SCFs) in the neighbouring 
bundle as the aspect ratio of the bundle is increased, similar to the fibre ineffective 
length study at the microscale. 
The second study at the mesoscale looks at the interaction ofthe fibre bundles at a 
range of angular orientations and separation distances, allowing the calculation of 
SCFs in the fibre bundles. SCFs will be used to produce a stiffuess reduction 
scheme that will be adopted at the macroscale level at the bundle cross-over 
points to improve the accuracy of the model when predicting the mechanical 
properties of discontinuous composite materials. 
1.5.3 Macroscale modelling 
A macro scale model has been developed to predict the mechanical properties of 
discontinuous composite materials. The 2D fibre bundle architecture from the 
model in [27] has been adapted as a starting point to produce the macro scale 
model, which allows high volume fraction (-50% Vr) RVEs to be produced that 
are computationally inexpensive. The fibre bundle properties used in the analysis 
have been calculated at the micro scale, with the assumption that the fibre bundles 
behave as a unidirectional composite material. An unstructured free meshing 
strategy has been developed to allow debonding between the fibre bundle and 
matrix materials. Debonding criterion has been established at the micro scale, with 
16 
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connector elements used to tie the fibre bundles and matrix together to allow the 
separation of the materials once a failure threshold has been exceeded. 
A modified Delaunay meshing algorithm has been utilised in the model, with 
mesh refinement techniques used to improve the quality of the mesh along the 
length of the fibre bundles and at the points of bundle intersection. Mesoscale 
models were developed to look at the interaction between two fibre bundles in a 
3D unit cell, with SCFs calculated at the bundle intersection points. These SCFs 
have been used to produce a stiffuess reduction scheme at the bundle crossovers 
to improve the accuracy of the 2D models. The mechanical properties obtained 
from the model will be validated against existing analytical and numerical models 
for discontinuous materials at a range of fibre volume fractions, bundle lengths 
and interfacial shear strengths. The user interface for the developed program is 
shown in Appendix B. 
1.5.4 Material characterisation 
Individual fibres (micro), fibre bundles (meso and macro), and epoxy matrix 
(micro, meso and macro) materials are used in the analysis contained in this 
thesis. An experimental testing procedure has been adopted to determine the 
mechanical properties of the materials under different loading conditions. 
Initially, the properties of individual filaments are derived from manufacturer's 
data sheets, before experimental tests are performed to determine the tensile 
strength of unidirectional fibre bundles. 
The matrix used in the development ofthe BRAC3D process [36] was a prototype 
material, with little data available for the mechanical properties of the material, 
therefore experimental testing was essential to provide the necessary inputs for the 
FE models. Tensile, compressive and in-plane shear tests were conducted to 
determine the modulus, yield stress and failure stress/strain of the matrix material 
for each load case. 
To capture the behaviour of the materials and to monitor and track damage in the 
FE analysis, a User Defined Material (UMA T) model has been developed in 
FORTRAN that runs in conjunction with the models in ABAQUS/Standard. 
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Chapter 2 Literature Review 
2.1 Damage modelling and failure criterion for composite materials 
The worldwide failure exercise (WWFE) [51-53] was an extensive study that 
looked at existing failure theories for composite materials. It was conducted in 
three parts; prediction, experiments and comparisons. A summary 0 f the WWFE 
can be found in [54], with recommendations for composite designers on which 
failure criterion to select and the influence on results obtained in numerical 
studies. Failure theories can be split into two categories; independent and 
interactive. Independent failure theories consider each mode 0 f failure 
individually, each with its own distinctive failure criterion, before determining 
whether the material has failed. Interactive failure theories use a single criterion, 
combining modes of failure to establish if the material has failed [55]. 
Independent and interactive failure criterions will be reviewed in this section, 
allowing for appropriate criterion to be selected for the FE modelling work 
contained in this thesis. Stiffness reduction schemes will also be discussed. 
2.1.1 Stiffness degradation in composite materials 
Damage modelling consists of two stages; the detection of damage via the use of 
appropriate failure criterion and the degradation of local material properties to 
simulate damage initiation and propagation. Rujiter [56] highlighted the 
importance of the prediction of initial damage, with most high-performance 
applications of composite materials associated with brittle failure mechanisms. 
Continuum damage mechanics (CDM) is often used to model damage in 
composite materials, where the effects of damage are analysed by using degraded 
properties in regions where the material has found to have failed [56]. Blacketter 
et al [57] used CDM to model failure in textile composites, with knockdowns 
applied to the stiffness properties of the material to simulate damage onset and 
progression. It has since become common practice in simulating material damage 
in composites to reduce the stiffhess (or stiffhess in a certain direction) to a near 
zero value [36, 55, 58-61]. The stiffness of the material is reduced to a marginal 
value, and not zero, to prevent instabilities in the FE analysis. 
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Once damaged, the failure criterion has been satisfied, there are generally two 
approaches for stiffness reduction - selective and non-selective methods. For non-
selective reduction, the stifthess is reduced to a near-zero value irrespective of the 
failure direction. For isotropic materials, such as polymer resin, damage is 
independent of the material orientation, so a non-selective stiffness reduction can 
be applied regardless of the failure criterion used. Typically a degradation factor 
of 0.01 is used on the materials properties [36, 61], which reduces all tensile, 
compressive and shear stifthess's to 1% of their initial value. Non-selective 
stifthess reduction schemes can also be used for anisotropic materials where the 
failure direction cannot be determined from the failure criterion, i.e. Hoffman, 
Tsai-Hill and Tsai-Wu. 
Selective stiffuess reduction schemes only reduce the stiffness in the direction in 
which the material has failed. In composite materials, transverse failure of the 
material can occur without breaking the longitudinal fibres, which does not 
completely destroy the load bearing capability of the material [61]. Selective 
stifthess reduction schemes can be used if the failure criterion indicates the failure 
direction to the user, such as Maximum Stress criterion (MSC). Blacketter [57] 
used the selective stiffness reduction scheme with MSC, with degradation factors 
assigned to each mode of failure. If a particular failure mode was met, i.e. tensile 
failure in the I-direction, the relevant stiffness parameters were reduced 
accordingly. 
In [61], if the failure was detected in the transverse direction, the transverse 
modulus was reduced to 1 % of its original value, but the longitudinal modulus 
remained unchanged. The shear modulus was also degraded, but a degradation 
factor used of 0.2 was used as opposed to 0.01, with the composite able to support 
some shear stress along the length of the fibre due to friction between the fibre 
and matrix [57, 62]. A similar methodology was adopted in [36], with the 
degradation factors, dE = 0.01 and da = 0.2, assigned to apply knockdowns to the 
relevant terms in the stifthess matrix, Equation 1, once the material was damaged. 
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Reduction of local material properties allows damage to be monitored and tracked 
across a composite material. With the complex array of failure mechanisms 
associated with composite materials, and in particular discontinuous composite 
materials, it is beneficial to know dominant failure modes. If the mode of failure 
can be identified, it is possible to identify ways to improve the mechanical 
properties of the composite. 
2.1.2 Failure theories/or fibres andfibre bundles 
Carbon fibres are transversely isotropic, with a much greater stiffness along the 
axis of the fibre (El) compared to the off-axis, transverse properties (E2 = E). It is 
therefore necessary to define the modulus and failure strength in relation to the 
material orientation, to allow accurate prediction of the failure of the fibres in FE 
models. At the mesoscale, fibre bundles are often treated as a unidirectional 
composite [61], the properties of which can be determined by using Rule of 
Mixtures (ROM) or by performing FE analysis on an RVE of a fibre bundle, as in 
section 4.1.3. The behaviour of a fibre bundle is similar to that of a single fibre [63, 
64],with the same failure criterion applicable for both filaments and bundles. It 
was shown in [61] that Maximum Stress criterion, Hoffinan criterion, Tsai-Hill 
criterion and Tsai-Wu criterion are all appropriate failure models for fibres and 
fibre bundles. The limitations of each of these failure criterions will be discussed 
in this section. For simplicity, the 20 case of each failure criterion has been 
selected for comparison. 
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Figure 4 - Maximum Stress criterion failure envelope for a 20 component [65). 
The Maximum Stress criterion (MSC) for composites was initially developed by 
Jenkins [66, 67] and is typically used to predict the failure of brittle materials, 
such as fibres and bundles [36, 60, 61 , 68, 69). A material is assumed to have 
failed if the principal stress, at or a2, exceeds at or a c; the failure strength in 
tension and compression respectively. It should be noted that different values can 
be specified for at and ac based on the orientation. MSC is an independent failure 
criterion, as it assesses the stress state in each principal direction before 
determining if failure has occurred in the material - no interaction between 
stresses is considered. For example, if a composite reached 99% of its transverse 
tensile strength, it would also be expected to support 99% of its in-plane shear 
strength without failing [55]. As the failure strength of carbon fibres is much 
greater along its axis than in the transverse direction (crt » ( 2), MSC is an 
appropriate criterion to define the onset of failure in the material. Equation 2 
outlines the bounds for the principal stresses, crt and a 2, for which failure will not 
occur, with Equation 3 highlighting the failure criterion used for shear failure. 
Maximum Strain criterion 
-ac < {aV a2} < at 
Ir121 ~ ~ r12u 
Equation 2 
Equation 3 
The Maximum Strain criterion [67] is analogous to MSC, with the failure 
determined by the strains in each direction of the material. It is an independent 
failure theory and therefore has the same limitations as MSC. Equation 4 shows 
the bounds of the principal strains in tension, compression and shear. 
Equation 4 
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For brittle materials, such as carbon fibres and bundles, a stress-based criterion is 
. primarily used as the material behaviour is linear elastic up until the point of 
failure. Maximum strain criterion is often used for ductile materials where plastic 
deformation occurs once the material has exceeded its yield strength. 
Tsai- Wu criterion 
Tsai-Wu theory [70] was developed based on experimental observation and curve 
fitting. The values of the tensile, compressive and shear strengths of the composite 
in its principal directions need to be determined by experimental testing in order 
to use the Tsai-Wu criterion [71]. It allows different tensile and compressive 
failure strengths to be assigned, unlike Tsai-Hill criterion, and evaluates the 
interaction between the principal stresses before determining if failure has 
occurred. Equation S shows the mathematical function used to define the Tsai-Wu 
criterion. 
EquationS 
F/, F2, Fll, F22, F66 and F12 are constants derived using the strengths of the 
composite in each principal direction, with unique values permitted for tensile and 
compressive failure. O"luh al uc, a2ut and a2uc are the tensile and compressive 
strengths in the 1 and 2 directions, with 't12u used to define the shear strength of 
the composite material and abiax defming the strength of the material under equal 
biaxial loading. The constants are defined as follows: 
1 1 
F1 = -+-
CTlut O"we 
1 1 
Fz=-+-
O"zut 0"2ue 
1 
Fu =----
C1'lutC1'lue 
1 
F22 =----
C1'2ut CT2ue 
1 
F66 = --2 
't12u 
1[ (1 1 1 1) F12 = -2- 1- --+ --+ --+ -- CTbtax 
O"biax C1'lut C1'lue C1'zut C1'2ue 
The value of F/2 is usually estimated to avoid the need for biaxial tests to be 
conducted on the composite material, with Tsai and Hahn [72] deriving the 
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approximation shown in Equation 6, with an average value of r = -0.5 typically 
used to predict failure [73]. 
where -1 S f* S 1 Equation 6 
Tsai-Wu essentially fits an ellipsoid to the uniaxial strengths of the composite 
material, with it noted in [55] that this could lead to over-predictions in strength 
when the material is subjected to biaxial loading. Based on these findings, Tsai-
Wu will not be considered for predicting the failure of the fibres and bundles in 
this thesis. 
Hoffman criterion 
Hoffinan criterion [74] is an interactive failure criterion that has no unknown 
interaction term, such as a biaxial strength component which is required for Tsai-
Wu criterion. Separate tensile, compressive and shear strengths can be specified 
for all material orientations, with experimental testing required to determine these 
properties [71]. The Hoffinan criterion for 20 composites is shown in Equation 7, 
with the constants CI-C3 outlined below. (Jlub (Jluc, (J2ut and (J2uc are the tensile and 
compressive strengths in the longitudinal (1) and transverse (2) directions, with 
tl2u used to define the shear strength. 
Equation 7 
The constants C1-C3 are defined as follows. 
Hoffinan criterion was used to model fibre bundle failure by Huysmans et a1. [75], 
with it stated that if small fibre twist is ignored then the fibre bundle can be 
treated as a unidirectional reinforced transversely isotropic rod. Zhao et al [61] 
also used Hoffinan criterion to define the failure in fibre bundles. 
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Tsai-Hill criterion 
Tsai [76] applied the criterion developed by Hill [77] for anisotropic materials to 
the failure of composite materials and found that this approach is suitable for 
predicting the onset of failure in fibre bundles that contain fibre and matrix 
materials. The Tsai-Hill failure criterion developed in [76] is shown in Equation 8. 
Tsai-Hill is an interactive failure criterion that considers the stresses in all 
principal directions, before evaluating if failure has occurred in the composite. 
However, the accuracy of Tsai-Hill is limited as it does not allow for different 
tensile and compressive failure thresholds to be considered, as in Tsai-Wu, with 
only one failure stress value permitted for each principal direction. It was noted in 
[55] that although Tsai-Hill does not distinguish between tensile and compressive 
failure, it is possible to assess the contribution of each principal stress on the 
failure of the composite. 
Equation 8 
Note: O'lu and 0'2u are the strengths in the I and 2 directions, with tl2u defining the 
shear strength of the composite material. 
Zhao et al. [61] performed a study to look at the influence of using different 
combinations of failure criterion on the mechanical properties of a unit cell 
containing fibre bundles and matrix materials. MSC, Tsai-Wu [70] and Hoffman 
[74] criterion were used to model the carbon fibre bundles in the analysis. MSC, 
Tsai-Wu and Hoffman are all appropriate failure criterion for fibres and fibre 
bundles, however, the way in which they determine if failure has occurred varies. 
Tsai-Wu and Hoffman employ a non-selective stiffuess reduction scheme once 
failure has been reached, whereas MSC allows a selective stiffuess reduction 
scheme to be applied to the failed elements in the model. Full details on selective 
and non-selective stiffuess reduction schemes can be found in section 2.1.1. The 
study in [61] found that Tsai-Wu and Hoffman criterion models failed 
prematurely at approximately 25% of the load required to cause failure in the 
MSC models in textile materials; attributable to the non-selective stiffuess 
reduction scheme used by these models. Based on the findings in [61], MSC has 
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been selected to predict the onset of damage in fibres and fibre bundles in this 
thesis. It has been chosen as it allows different modulus values to be specified for 
each principal direction, essential for the transversely isotropic fibres and bundles, 
in addition to allowing a selective stiflhess reduction scheme to be adopted. 
2.1.3 Review of appropriate epoxy matrix failure criterion 
The polymer resins used to bond fibres and fibre bundles together in composites 
are typically isotropic materials, with the same modulus and failure strengths in 
all directions. Matrix materials can behave in a brittle manner like fibres and 
bundles, but some matrix materials can exhibit non-linearity before they 
completely fail. Maximum Stress, von Mises and Drucker-Prager failure criterions 
were recommended by Zhao et al. [61] for polymer matrix materials. 
Maximum Stress and Maximum Strain criterion 
Full details of how Maximum Stress and Maximum Strain criterion determine 
failure is outlined in section 2.1.2. For the case of an isotropic material the failure 
strengths (or strains) in each direction are equal. 
Tresca (Maximum Shear Stress) criterion 
Tresca, or Maximum Shear Stress, criterion can be used to model the failure of 
ductile, isotropic materials, such as polymer resins. Figure 5 graphically shows the 
yield surface defined by the Tresca criterion outlined in Equation 9. 
Equation 9 
Tresca is usually regarded as conservative when predicting the yield surface of an 
isotropic material, with the shape of the Tresca yield surface an irregular hexagon 
that is circumscribed by the von Mises criterion. 
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Figure 5 - von Mises and Tresca criterion failure envelopes for a 20 component 
[78] . 
von Mises criterion 
The von Mises criterion can be used to predict the yield of ductile, isotropic 
materials. Equation 10 defines the yield surface for von Mises criterion, in 20, 
with Figure 5 showing a comparison of the Tresca (Maximum Shear) and von 
Mises yield surfaces. 
Equation 10 
von Mises is an interactive failure criterion, where the principal stresses in all 
directions are assessed before determining if the yield stress of the material has 
been exceeded. However, the von Mises criterion is still limited, with no 
distinction made between tensile and compressive failure. 
Drucker-Prager criterion 
The Drucker- Prager failure criterion [79], sometimes referred to as the extended 
von Mises model, was originally developed for plastic deformation of soils, but 
has since been applied to polymers and other pressure dependent materials. The 
Drucker-Prager model is used to model frictional materials, which exhibit 
pressure dependent yield or failure as the material becomes stronger as the 
pressure increases [61]. It is also ideally suited for materials where the 
compressive strength is greater than the tensile strength, such as polymer resins, 
as the compressive and tensile strengths can both be specified, ac and at 
respectively. The Drucker-Prager yield surface can be defined in many ways, but 
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to allow direct comparison to von Mises yield criterion it is defined here in terms 
of the principal stresses of the 2D isotropic material: 
Equation 11 
The constants A and B in Equation 11 are defined below. 
2 ( aeat ) 1 (at - ae) A-- . B--
-..[3 ae + at' -..[3 ae + at 
Zhao et al [61] compared the response of a unit cell, with Maximum Stress 
criterion, von Mises and Drucker-Prager used to define failure in the matrix. The 
load-strain curves obtained from the numerical study are shown in Figure 6. The 
failure point of the unit cell varies significantly depending on the criterion used 
for the matrix material, with Drucker-Prager providing the highest and von Mises 
the lowest strength prediction. It was suggested by Edgren et al [80] that von 
Mises or Drucker-Prager failure criterions were best suited to matrix materials 
when modelling a E-glasslvinylester composite, based on comparisons with 
experimental test results. 
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Figure 6 - Comparison ofload-strain curves for the different failure criterion used 
for matrix material in [61]. 
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It is important to select a failure criterion that is suitable for isotropic materials, 
with Drucker-Prager, von Mises and MSC used to evaluate epoxy resin failure in 
[61], and von Mises also used in [47]. Drucker-Prager and von Mises employ non-
selective reduction schemes, where the stiffuess is degraded to a near zero value 
regardless of the failure direction. Non-selective failure criterions calculate 
whether or not an element has failed by combining the stresses in each principal 
direction, allowing failure to be determined with one simple calculation. In 
contrast to this, MSC considers the stress in each direction independently before 
determining if failure has occurred, without any consideration for the interaction 
between the principal stresses. 
The von Mises failure criterion was selected for the DLS 1776 epoxy resin for the 
analysis contained in this thesis as it is widely used in the literature for isotropic 
matrix materials. The equation used for 2D analysis can be seen in Equation 10, 
with the criterion for 3D analysis detailed in Appendix C. When implementing the 
von Mises failure criterion, a yield function (ay) is required in order to initiate 
when the elements begin to behave plastically in tension. Once the tensile yield 
criterion has been exceeded, a plasticity softening law is applied to gradually 
reduce the stiffuess of the element until fmal failure occurs. Implementation of 
this stiffuess reduction is discussed further in the UMAT development - section 
3.2. 
2.2 Review of existing single fibre composite models 
2.2.1 Single fibre composite failure mechanisms 
The bonding between the fibre and matrix is critical in all composite materials 
when determining the mechanical properties. Many authors have attempted to 
characterise the bonding relationship between fibre and matrix by analysing a 
single fibre embedded in a matrix region. A full review was conducted by Goh et 
al. [81] and a flow chart highlighting these failure mechanisms is shown in Figure 
7. Initially the stress transfer between the matrix and fibre is elastic, and the 
failure of the system can progress in two ways from this point. The matrix may be 
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brittle and fai l elastically, shown in Figure 8, or alternatively the matrix will reach 
its yield point before exhibiting plastic behaviour. 
Elastic Stress 
Transfer 
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Matrix/Interphase Matrix Failure 
Yield (Brittle Matrix) 
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Interfacial 
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Figure 7 - Potential failure mechanisms for single fibre composite systems 
Figure 8 - Development and progression of matrix cracks of an a -alumina fibre in 
epoxy resin [82]. Images 1 and 4 are bright field and dark field images, and 
images 2 and 3 are greyscale images at 0.188% applied strain. 
From this point forward, there are multiple factors that can influence the failure 
mechanism of the single fibre system. For experimental coupons, the composite 
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material will inherently contain imperfections. Matrix voids may be present in the 
sample, which would increase the likelihood of matrix cracking [83]. 
Alternatively, the fibre may have been damaged in the manufacture of the sample, 
or during handling, and this could result in fibre fracture. An image showing fibre 
fracture in a glass fibre composite is shown in Figure 9. 
Figure 9 - Fibre break in a glass fibre-epoxy composite system [84]. 
Figure 10 shows the potential failure mechanisms in a unidirectional composite 
material based on the level of adhesion between fibre and matrix. Poor adhesion 
results in fibre-matrix debonding, with intermediate adhesion reducing the amount 
of debonding in the model, thus it is more likely fibre fracture will occur. With 
strong adhesion between fibre and matrix, very high stress concentrations will be 
apparent around the site of a fibre break, resulting in brittle failure of the 
composite due to failure in the resin material [85]. 
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Figure 10 - Graphical representation of failure in continuous fibre composite 
materials based on the levels of adhesion between fibre and matrix [85] . 
For short fibre lengths, the contact surface area between fibre and matrix is small, 
increasing the likelihood of fibre pull-out. In addition to this, if the surface 
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adhesion is poor between the fibre and matrix, either due to coatings or the lack of 
sizing applied to the fibre, then the fibre is likely to debond and pull-out will 
occur. The level of fibre-matrix adhesion is detennined by the amount of reactive 
groups on the surface of the fibre and it has been shown that the surface 
treatments can greatly influence the failure process in composite materials. It was 
found in [85] that with an oxidative surface treatment (10% of the fibre diameter) 
there was a substantial decrease (-60%) in the debonded length when compared to 
fibres with no surface treatments, indicating an improvement in the fibre/matrix 
interface strength. 
Manufacturing defects, material imperfections and the level of fibre-matrix 
adhesion will contribute to which failure mechanism is observed in a single fibre 
composite system. However, if a finite element approach is taken, then the failure 
mechanism of the system becomes more controllable. The user can control the 
applied boundary conditions, as well as the utilisation of element elimination 
techniques to simulate fibre fracture, previously used in [86]. With this greater 
control, it is possible to study the effect of these parameters independently, 
allowing optimisation of composite materials at the microscale level. 
2.2.2 Interfacial debonding 
The single fibre fragmentation (SFF) test is often used to obtain information about 
the interface between fibre and matrix in a composite material. It is a simple test 
in which a single filament is embedded in a resin dog-bone specimen before being 
subjected to a tensile load. When the shear stress transferred to the fibre through 
the interface reaches the breaking stress of the fibre; fibre failure occurs. If the 
applied stress on the sample is increased after this point then the fragmentation 
process continues, until the fibre fragments reach a length where the transferred 
stress from matrix to fibre is insufficient to cause fibre fracture [85]. A common 
experimental set up for the single fibre fragmentation test can be seen in Figure 
11. 
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Figure 11 - Schematic of single fibre fragmentation test, reproduced from [84]. 
By analysing the length of the fibre fragments in the tensile sample, the interfacial 
shear strength (ISS) between fibre and matrix can be calculated. Short fibre 
fragments imply stress transfer by a high interfacial shear stress; therefore high 
ISS. Long fibre fragments indicate stress transfer by a low interfacial shear stress; 
attributable to a low ISS or yielding matrix [85]. The values obtained in the 
literature for the ISS range between 20MPa and 70MPa [47, 87-93], based on the 
material constituents used in the model. For a carbon fibre composite with a 
strong interface, the shear stress found in the interface approached the resin shear 
yield strength (67MPa), whereas in a weaker interface model the obtained shear 
stress was much lower (33% less - 45MPa), attributable to fibre debonding [87]. 
Debonding is likely to occur at the site of a fibre fracture, or fibre end, in the 
material, with Figure 12 showing the debonding length along the fibre as the fibre 
and matrix begin to separate. When debonding occurs in a composite, the load 
bearing capability of the material is reduced as stress cannot be transferred from 
the matrix to the fibre in the debond zone. The application of coatings to fibres 
reduces the debonding length to ensure there is strong adhesion between fibre and 
matrix, which will therefore increase the strength of the composite. The 
parameters which influence the rate of debonding will be investigated at the 
micro scale, with matrix plasticity, interface strength and fracture toughness 
considered in the analysis. 
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Figure 12 - Debonding from around the site of a fibre fracture for an AS4-carbon 
fibre embedded in epoxy matrix, modified from [94]. 
2.2.3 Single fibre composite modelling strategies 
To complement the experimental research on fibre-matrix debonding, many 
authors have produced numerical and finite element models to predict the ISS 
between the fibre and matrix. Early two-phase models were analytical solutions, 
namely by Cox [50] and Kelly-Tyson [49]. Cox [50] developed the shear lag 
model which assumed linear elastic behaviour for both the fibre and matrix 
constituents. This enabled the axial fibre stress and shear stress between the fibre 
and matrix to be determined, but it was assumed that no load transfer occurs 
through the fibre ends. A study by Galiotis et al [95] found that strains of up to 
0.5% can be present at the fibre ends for EtiEm = 16, but the strain levels at the 
fibre ends dropped for higher EtlE.m ratios (-100), such as carbon/epoxy 
composites [96]. The Cox model is therefore limited in its application as there will 
be some stress/strain transfer at the fibre ends. 
Kelly-Tyson [49] used an elastic-perfectly plastic material to model the matrix 
region and this allows the critical length of a fibre to be determined, in addition to 
the axial fibre stress and shear stress that was previously calculated by the Cox 
model. The critical length of a fibre is defined as the minimum fibre length that 
will permit the tensile stress induced by the interfacial shear strength, to reach the 
tensile strength of the fibre [97]. The Kelly-Tyson model, however, assumes that 
the shear stress is constant along the length of the fibre, which again is an 
idealisation. 
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The Cox and Kelly-Tyson models provide analytical solutions to the single-fibre 
problem. However, in order to study the stress transfer characteristics between the 
fibre and matrix constituents in detail, a more comprehensive finite element model 
is often used. Two-phase single-fibre models were developed [89, 98] to look at 
the stress transfer characteristics between fibre and matrix, but it has been widely 
documented that an interfacial region exists between the two constituent materials 
in carbon-fibre/epoxy composites. This region is known to dominate the stress 
transfer between fibre and matrix, as shown by experimental studies in [92] for 
unsized and sized fibres. It is therefore acknowledged that two-phase material 
models [99, 100] (top, Figure 13) fail to fully capture the behaviour of the single 
fibre composite system, with a third material or connection required between fibre 
and matrix (bottom, Figure 13) to accurately predict composite behaviour [47, 86, 
101 , 102]. The bond between the fibre and matrix has been modelled in a variety 
of ways in the literature. For simplicity, some authors assume a "perfect" bond 
between fibre and matrix [49, 50, 103], whilst others model the interface as a third 
material with perfect bonding between all three material phases [47,48,60, 104]. 
Figure 13 - Two-phase (top) and three-phase (bottom) material models used in 
single fibre analysis. 
Interfacial regions can be formed by two mechanisms. The first of which is caused 
by residual stresses that form in the matrix when the resin is cooled during the 
moulding process [104, 105]. These residual stresses form as a result of the 
volumetric shrinkage of the resin around the fibre, which alters the region 
immediately surrounding the fibre, with its own unique mechanical properties. 
The thickness of this region is dependent on the rate of curing and also on any 
surface treatments that may have been applied to the fibre. The second mechanism 
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is a result of the sizings or coatings that are typically applied to the fibre during 
manufacture [92, 93, 106]. Paipetis and Galiotis [92] found that the axial stresses 
in a sized fibre (Soficar M40B-40B MEBS) were approximately 1.6% higher than 
that of its unsized equivalent (Soficar M40B). At the point of saturation, the 
interfacial shear strength of the sized samples were approximately 42MPa, 
compared to 35MPa for the unsized equivalent [92] - both of which were at least 
25% greater than Kelly-Tyson's predictions. 
Kari et al [107] looked at the effect of increasing the interfacial modulus between 
fibre and matrix. It was found that an increase in interface modulus from 10GPa 
to 250GPa saw just a 5% increase in longitudinal modulus for a unidirectional 
composite. However, when the unidirectional composite was loaded in the 
transverse direction there was a significant increase (- 18%) in the transverse 
modulus, shown in Figure 14. 
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Figure 14 - Longitudinal (left) and transverse (right) modulus of a unidirectional 
composite with increasing interfacial modulus, reproduced from [107] 
(Note: Fibre material in this study is tungsten with modulus of 345GPa and the 
matrix is nickel with modulus of214GPa). 
Wu et a1. [89, 102, 108, 109] modelled two-phase and three-phase single fibre 
models, initially assuming a perfect bond in both models before introducing 
debonding criterion. Johnson et a1. [86] concluded that a three phase model with 
debonding was the most representative of a single fibre composite system, as it 
allowed separation of the fibre and matrix and a discrete interphase region to be 
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modelled to replicate sizings applied to the fibre. The assumption of a perfect 
bond between fibre and matrix oversimplifies the composite material, with 
common failure mechanisms such as debonding and pull-out excluded in the 
analysis, leading to over predictions in stiflhess and strength. 
2.2.4 Traction-separation laws/or cohesive and connector elements 
Based on the findings of Wu [108], Johnson [86] and Pan [69], debonding 
between the fibre and matrix material is known to be critical when predicting the 
strength of the single fibre composite. Cohesive elements or similar, such as 
spring/connector elements, are often placed between the fibre and matrix to tie the 
surfaces of the fibre and matrix together. Both cohesive and spring/connector 
elements use traction-separation laws or energy based relationships to define the 
point at which debonding will occur in the models [107, 110, 111]. 
The constituent materials used in a fibre reinforced composite material, along with 
any sizings that may be applied to the fibres, will dictate the bonding strength 
between fibre and matrix. It is important to select the correct shape function for 
the traction-separation relationship in order to accurately model debonding in a 
FE simulation, with a linear softening law ideal for brittle materials and an 
exponential law more appropriate for ductile materials [112]. For a more complex 
material, such as discontinuous composites containing ductile and brittle 
components, it is necessary to establish the correct relationship between the 
materials. Experimental test procedures, such as the microdroplet fibre pull-out 
test specified in [90] and the SFF test shown in Figure 11, are typically performed 
to extrapolate the interfacial strengths and displacements required to produce the 
traction-separation curves in Figure 15. 
Sun and Jin [113] have developed cohesive laws to model debonding in composite 
materials, with three examples of typical cohesive laws shown in Figure 15. In 
most applications the cohesive zone is initially taken to be of zero (or small) 
volume, with the relationship between the traction and separation governing the 
constitutive response of the zones [113]. It has been noted that the initial cohesive 
traction should not be zero, as stress singularities would exist at the tip of the 
cohesive zone [114, 115]. 
36 
Chapter 2 - Literature Review 
Figure 15 - Sample of cohesive laws that are commonly used to model debonding 
in composite materials. (Left) linear softening law, (centre) bi-linear softening law 
and (right) exponential law, modified from [113]. 
Scheider [112] performed numerical studies and found that a modified bi-
linear/exponential law was appropriate for a ductile matrix containing multiple 
fibre reinforcement. However, other authors have chosen to use a range of 
different traction-separation laws in their numerical analysis. Lin et al. [116] used 
a rate-independent bi-linear cohesive law that accounted for frictional contact at 
the interface, an extension of the work by Geubelle and Baylor [117]. Needleman 
[118, 119] used an exponential law, Li et al. [120] used a linear softening law, 
whilst Tvergaard and Hutchison [121] used a trapezoidal relationship to model the 
interfacial behaviour between carbon fibre and matrix material. However, it was 
noted in [120] that numerical simulations have shown that the precise shape of the 
traction-separation law does not fundamentally affect the results of an analysis, 
with the interfacial strength value the most critical parameter for the cohesive law. 
Nishikawa et al. [122] proposed two methods for characterising the cohesive law 
from experimental testing, one based on the number of fibre breaks and the other 
based on the debonding length. Kim and Nairn [94] performed single fibre 
fragmentation tests to calculate the length of the debonded zone in glass/epoxy 
and carbon/epoxy fibre composites, with photoelasticity fringes around fibre 
breaks used to measure the debond lengths that occurred instantaneously after 
each fibre break, shown in Figure 12. In both studies, experimental and simulation 
data were compared in order to establish suitable cohesive parameters for 
analysis. 
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For the analysis contained in this thesis, a bi-linear softening law has been 
selected to model the interface between the fibre and matrix, similar to the 
methodology employed by Pan [69] who had success in implementing this law for 
predicting the debonding length in a single fibre composite model with glass fibre 
and epoxy. The following properties are required for a bi-linear constitutive 
equation for cohesive and connector elements, shown in Figure 16: 
K, Penalty Stiffuess (N/mm3) 
Lo, Interfacial Shear Strength (MPa) 
Gc, Fracture Toughness (J/m2) 
The penalty stiffuess defines the stiffuess of the cohesive I connector elements 
before the onset of damage at point A, shown in Figure 16. Turon et al [123] 
developed a relationship to calculate the penalty stiffuess for composite materials, 
using the equation below: 
ex:: £2 K= 
t 
Equation 12 
Where E2 = transverse modulus of the fibre (MPa or N/mm\ t = thickness of the 
cohesive element (mm), and a is a dimensionless parameter significantly greater 
than 1 (a » 1). It was noted in [123] that the interface penalty stiffiless should be 
large enough to provide a reasonable stiffiless, but small enough to avoid 
numerical problems such as spurious oscillations of the tractions in an element. 
Typically, a values of 50 are used which gives penalty stiffuess values of the 
order of 105 to 106 N/mm3 [69, 123-125]. 
A Damage Initiation 
't . -... .".... 
Figure 16 - Hi-linear constitutive response for cohesive I connector elements 
[123]. 
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The Interfacial Shear Strength (ISS), 'to, is required to define the stress needed to 
initiate damage in the cohesive element (point A highlighted in Figure 16). 
Typically, values in the range of 20MPa to 70MPa [47, 87-93] are observed in 
experimental tests for the ISS of carbon-epoxy composites. Shear strain and force 
values can also be used to determine the onset of damage for the cohesive 
elements. 
Fracture toughness, or critical fracture energy, Gc, is the area underneath the 
traction-separation curve and is defined as the energy dissipation per unit area of 
the crack once it has formed at the interface [126]. The fracture toughness dictates 
the rate of failure of the cohesive element, from the point of damage initiation 
(point A) to final failure (point B), shown in Figure 16. For simplicity, it is 
common to consider each mode of fracture independently using an uncoupled 
traction-separation law to avoid the complexity of mixed mode failure [69]. This 
methodology is acceptable for a single fibre composite model as the cohesive 
surface is only subjected to mode II (in-plane shear) fracture [69], with the 
influence of mode I (opening) and mode III (out-of-plane shear) negligible for this 
load case. 
For multi-fibre composites the fracture toughness should account for all three 
modes of fracture that could occur in the composite material. Typically a fracture 
toughness value is used that accounts for all three modes of fracture, with values 
ofthe order of 100 J/m2 [69, 126] used for glass/epoxy models. Experimental tests 
conducted by Kim and Nairn [94] found that values of 120 J/m2 and 220 J/m2 
were the best estimates for the interfacial toughness of glass/epoxy and 
carbon/epoxy fibre composites, respectively. The values obtained in [94] also 
account for both residual stress effects and interfacial friction, with debonded 
lengths of 3 fibre diameters found at 1.5% applied strain, rising to 12 fibre 
diameters at 2.5% applied strain for AS4-carbon fibres embedded in epoxy 
matrix. 
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2.3 Review of existing multi-fibre composite models 
2.3.1 Fibre ineffective length 
An important issue when calculating the axial strength of composite materials is 
the redistribution of stress after a fibre failure has occurred. Fibres that 
immediately surround a broken fibre in a composite are responsible for carrying 
additional load, with the ineffective length of a broken fibre defined as the length 
of fibre over which 90% recovery in axial stress/strain occurs from the site of a 
fibre fracture [85]. A reduction in fibre ineffective length would indicate greater 
stress transfer efficiency, which will increase the mechanical properties of the 
discontinuous composite at the rnacroscale as the fibre can carry greater axial 
stress, leading to fibre failure rather than fibre pull-out. 
All of the fibres in an ideal composite material would have uniform failure stress 
and strain, which would make it a straightforward task to determine the stiffuess 
and strength. However, this is not the case, with significant variations found when 
determining the mechanical properties of the fibres. This variation in strength 
gives rise to a complicated array of failure mechanisms in composite materials, 
such as fibre breaking, interfacial debonding and matrix cracking [85]. 
When a single fibre failure occurs in a composite, a large fraction of the load is 
transferred to the surrounding matrix material, which results in high shear stresses 
at the interface between fibre and matrix. If the interfacial bond is insufficient, 
fibre pull out will occur, otherwise the overload is redistributed to neighbouring 
fibres, which provides stress concentrations in these fibres and increased 
probability of failure [127]. The region in the adjacent fibre affected by the fibre 
break is often referred to as the Positively Affected Length (PAL). The ineffective 
length of the broken fibre determines the PAL of the neighbouring fibres and also 
dictates the stress/strain concentration observed [48]. Figure 17 shows the stress 
distribution in a broken fibre and the fibre adjacent to the break. 
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Figure 17 - Ineffective length of a broken fibre (top) and the positively affected 
length in a fibre adjacent to the fibre break (bottom), reproduced from [128]. 
Stress concentration factors (SCFs) are often calculated to quantify the overload 
experienced by bridging fibres neighbouring a fractured fibre, see Figure 17. High 
SCFs in intact fibres adjacent to a fibre break can lead to further fibre fractures in 
a composite material, which can dramatically reduce the mechanical properties of 
the composite [129]. Coatings are often applied to fibres to promote more 
efficient stress transfer between the fibre and matrix, with it noted that a soft 
interface (low modulus) increases the ineffective length of a broken fibre but 
reduces the SCFs in the surrounding fibres. In contrast to this, a stiffer interface 
(high modulus) yields less; therefore the adjacent fibres will experience higher 
SCFs [48]. 
Nede1e and Wisnom [130, 131] developed models to predict stress concentration 
factors in fibres surrounding a fibre fracture. A linear elastic material was used for 
the matrix, limiting the accuracy of the model since it is widely acknowledged 
that an elastic-plastic model is essential when predicting the behaviour of the 
matrix material. The elastic-plastic relationship is necessary for ductile matrix 
materials, which exhibit a clear yield point after which irreversible plastic 
deformation will occur. Many authors [132-134] have incorporated matrix 
plasticity into their analysis; with a decrease in the SCF in neighbouring fibres 
observed when compared to elastic matrix models, primarily due to local matrix 
41 
Chapter 2 - Literature Review 
yielding in the models around the point of fibre fracture. Fielder et al [133] 
reported SCF values for glass fibre composites of approximately 1.2 for linear-
elastic matrix models, reducing to 1.1 for elastic-plastic matrix models at applied 
strains greater than 2.0%. 
Behzadi et a1. [135] found that with an elastic-plastic matrix the applied strain can 
never be fully recovered in the broken fibre, with the threshold of 90% recovery 
used to define the ineffective length, which was determined to be O.149mm for the 
carbon-epoxy unidirectional composite considered in the analysis. A perfect 
interphase is assumed between fibre and matrix in the model, but it was noted that 
if the interphase was more ductile the ineffective length would increase. Studies 
were also conducted in [135] to look at the impact of multiple fibre fractures in a 
unidirectional composite, with the strain concentrations monitored in fibres 
surrounding the fractures. The fracture patterns used, with the resulting strain 
concentration factors in the adjacent fibres, are shown in Figure 18. The strain 
concentration factor in the surrounding fibres increases as the number of fractured 
fibres increases; with the strain concentration rising by up to 22% (1.09 to 1.33) in 
adjacent fibres from the one fibre fracture model (a) to the model with two 
coincident fractures (b). 
a) b) c) d) 
Figure 18 - Strain concentration factor values in neighbouring fibres. (Note: Grey 
fibres denote the fibres that are fractured), reproduced from [135]. 
Van den Reuve1 et a1. [129] performed a finite element study to compare 
predictions of stress concentration factors (SCF) in unidirectional carbon-epoxy 
composites with experimental results obtained using Raman spectroscopy in [136, 
137]. The SCFs were recorded in the closest adjacent fibre, with good agreement -
less than 10% error at an inter-fibre spacing of one fibre diameter - observed 
between analytical and experimental results. Two models were considered, one 
with perfect fibre-matrix adhesion, whilst the other model allowed for debonding 
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between the fibres and matrix by specifying an initial debonded length along the 
broken fibre. The SCF in the nearest adjacent fibre is shown in Figure 19, as the 
debond length was increased from 0 to 30 fibre diameters. 
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Figure 19 - Stress Concentration Factor (SCF) in the nearest adjacent fibre to a 
fibre break, with increasing debonding length along the broken fibre [129]. 
Behind the debonded zone in the models, matrix yielding occurs which prevents 
the applied load being transferred to the neighbouring fibres, thus a reduction in 
SCF and an increase in the PAL is observed in the first adjacent fibre. For the case 
of perfect fibre-matrix adhesion in [129], the inter-fibre distance was varied along 
with the yield stress of the matrix material. It was found that by decreasing the 
inter-fibre distance, the SCF in the nearest adjacent fibre increased. Peak SCF 
values of approximately 1.20 were observed at an inter-fibre spacing of one fibre 
diameter. An increase in yield stress of the matrix led to a slight increase in the 
value of the SCF observed, with SCFs of 1.19 and 1.21 obtained for yield stresses 
of 20MPa and 80MPa respectively, at a separation distance of one fibre diameter. 
It was noted that a matrix with a higher yield stress can transfer a fibre overload 
more efficiently to the intact fibres, resulting in a higher SCF in the intact fibre 
and a reduced ineffective length in the fractured fibre [129]. 
In [138] a 3D finite element study of a hexagonal packing array was conducted, 
with SCFs of around 1.07 calculated for high volume fraction (25-70%) models in 
the fibre immediately next to the broken fibre. The SCFs obtained in [138] were 
similar in magnitude to the values reported by Nedele and Wisnom [130, 131] and 
Behzadi et a1. [135] for one fibre fracture, but significantly lower than the SCFs of 
1.25 observed in experimental tests in [136]. In contrast to this, Van den Heuvel et 
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a1. [129] and Hedgepeth and Van Dyke [132] calculated SCFs to be 
approximately 1.20 and 1.104, respectively, in the nearest neighbouring fibre. The 
difference in values of the SCF from these studies is attributable to the number of 
intact fibres that immediately surround the fibre break. A larger number of intact 
fibres in the 3D models allowed the overload to be redistributed between them, 
resulting in a lower SCF values. However, it was noted that a SCF value of the 
order of 1.07 was still high enough to playa role on the macroscopic failure of a 
composite material [138]. 
Mehan and Schadler [139] investigated the effect of interfacial strength on the 
strain concentration factor and overload transfer length (OTL), which is 
equivalent to the PAL of the fibre adjacent to the fibre break. Figure 20 shows the 
variation in OTL and strain concentration factor that can be expected by altering 
the interfacial strength between fibre and matrix. The stronger interphase allows 
for greater strain transfer efficiency from the point of the fibre break to the 
adjacent fibre, thus a higher strain concentration factor is expected with increasing 
interfacial strength. 
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Figure 20 - Strain profiles for an intact (top) and broken fibre (bottom) with 
varying interfacial strength, reproduced from [139]. 
Lane et a1. [48] developed a three-phase material model to predict the strain 
concentration factors in a square packing arrangement at three separate volume 
fractions; 38, 48 and 58%. An interface of 0.2J.lm thickness was used in the 
44 
Chapter 2 - Literature Review 
analysis, with two grades of epoxy used for the matrix and interface properties. 
The characteristics of the two epoxies are detailed below in Table 1 and a 
summary of the strain concentration factors in the nearest neighbouring fibre is 
detailed in Table 2. At low applied strains (approximately 0.1 %) an increase in 
fibre volume fraction in the models led to an increase in the strain concentration 
factor in the nearest fibre to the fibre fracture, for both of the models under 
consideration. However, at 1.0% applied strain, when the strain transfer is largely 
plastic, the strain concentration factor was unaffected by the volume fraction in 
the cell, with the resin used for the matrix and interface also having no effect on 
the strain concentration factors observed. 
At 0.1 % strain the 5050 matrixl6040 interface model provides lower strain 
concentration factor values than the higher· performance 6040 matrixl5050 
interface model, across the range of volume fractions in the analysis. It was 
concluded that when plasticity occurs, the presence of a soft interface reduces the 
reinforcing efficiency of a broken fibre, therefore limiting the strain concentration 
in the surrounding fibres [48]. A stiff interface yields less than a soft interface and 
the surrounding fibres will experience a higher strain concentration factor, with 
the matrix properties then crucial as the matrix is more likely to yield than a stiff 
interface under increased loading [48]. 
Table 1 - Material properties for matrixlinterphase in analysis by Lane et al. [48] 
Resin System 
Property 5050 6040 
Initial Modulus (GPa) 1.76 3.48 
Average Modulus to yield point (GPa) 0.79 0.84 
Yield Stress (MPa) 35.16 53.50 
Yield Strain (%) 4.40 6.37 
Assumed value of Poisson's ratio 0.36 0.36 
Table 2 - Summary of strain concentration factors from study by Lane et al. [48] 
Resin System 0.1% Applied Strain 1.0% Applied Strain 
Matrix Interphase 0.38 Vf 0.48Vf 0.58 Vf 0.38 Vf 0.48 Vf 0.58Vf 
6040 5050 1.10 1.12 1.14 1.05 1.05 1.05 
5050 6040 1.08 1.10 1.13 1.05 1.05 1.05 
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Behzadi and Jones [127] used a two-phase material model to investigate the effect 
of temperature on strain transfer between a broken fibre and adjacent fibres in a 
unidirectional fibre composite. Square packing with four fibres was used in a 
uniaxial compressive test and it was found that the strain concentration factor in 
adjacent fibres decreased with an increase in temperature. This was attributable to 
a decrease in yield strength and increase in plasticity of the matrix with increased 
temperature, which allowed more of the energy released from the fibre fracture to 
be absorbed by the matrix material and not by the neighbouring fibres. In addition 
to this, it was found that there was less efficient strain transfer back into the 
broken fibre with increasing temperature, providing an increase in the ineffective 
length [127]. 
2.3.2 Review of unit cells used to determine fibre bundle properties 
Fibre bundles contain thousands of filaments and it is therefore unfeasible to 
model each individual filament when determining the mechanical properties of the 
bundle. Each fibre bundle used to create a discontinuous component will have its 
own unique filament architecture; therefore a methodology is needed to provide 
an approximate solution for fibre bundles of varying volume fraction. A conunon 
modelling strategy is to use a unit cell of the cross-section of the fibre bundle to 
calculate bundle properties. 
Two packing arrays are typically considered, a square packing array [48, 127, 
140, 141] and a hexagonal arrangement [135, 141-143], with these shown in 
Figure 21. The two arrangements are an idealisation of what would be expected 
across the fibre bundle; however they do not take into account resin rich regions 
which could be present in the bundle. Inter-fibre distance can be varied to adjust 
the volume fraction of the bundle to allow the full range of fibre bundle properties 
to be calculated. Both unit cells shown in Figure 21 require appropriate boundary 
conditions to accurately predict the bundle properties, with the correct procedure 
outlined in section 2.3.3. 
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Figure 21 - Square packing array (left) and hexagonal packing array (right) used 
to detennine fibre bundle properties, three-phase material models with an 
interface between the fibre and matrix. 
Kari et al. [107, 110] developed a randomly distributed fibre model and compared 
this directly to a square and hexagonal packing arrangement at a range of vo lume 
fractions. It was found that in the longitudinal direction of the fibres the modulus 
of the material was constant regardless of the packing arrangement. However, 
when the unit cells were loaded transversely it was found that the square pack ing 
array predicted the highest stiffness at all volume fraction , with the hcxag nal 
array predicting the lowest stiffness. The stiffues of the random m del wa 
bounded by the square and hexagonal models, with the rc ult obtained !Tom thi 
study shown in Figure 22. 
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Figure 22 - Comparison of square, hexagonal and random packing arrangements 
as a function of volume fraction, reproduced from [110]. 
Mishnaevsky et al. [144] also modelled 3 D random unit cells 0 f glass fibre 
composites, but the mechanical properties of the fibres were varied throughout the 
thickness of the model, according to a Weibull distribution, to simulate fibre 
fracture. FE models with 20 fibres were produced (Figure 23) and it was found 
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that the simulated fibre fractures led to matrix failure, with cracks in the matrix 
growing from the site of the fibre crack to the neighbouring fibres. The fibres 
adjacent to the broken fibres were then responsible for carrying the load and 
higher stresses were found in these fibres , leading to a reduction in strength ( ~ 7 % ) )
when compared to the model with constant fibre strength, shown in the in Figure 
24. 
Figure 23 - Micrograph of a unidirectional fibre reinforced composite material 
with failed fibres (left) and an FE model with 20 fibres and layers removed to 
simulate fibre fracture (right), reproduced from [144]. 
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Figure 24 - Stress-strain curve for glass-epoxy composite models developed by 
Mishnaevsky et a1. [144]. 
Fibre diameter is known to vary during the manufacturing process, with values 
reported from 51lm to 10Ilm [92, 105, 145, 146] for PAN based carbon fibres. A 
central point of 71lm has been selected to determine the fibre bundle properties in 
this analysis, which is consistent with the manufacturer data for Toray T700 12k 
SOC. Coatings are often applied to fibres to promote stress transfer between the 
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fibre and matrix, leading to varying levels of interfacial thickness on the fibres. 
The literature shows that the interfacial thickness can vary between 0.2J..lm [48] 
and 1.5J..lm [88]. A mean interfacial thickness of 0.5J..lm has been used in this 
analysis, since it was found by Hayes et al [47] and Jacobs and Verpoest [147] 
that this is approximately the width that the fibre alters the matrix properties 
during curing. 
Hayes et al. [47] and Johnson et al. [86] performed studies to look at the effect of 
the stress transfer between multiple fibres embedded in a matrix region. Various 
grades of epoxy were modelled for the matrix and interfacial regions, with both 
authors finding that the level of plasticity in the epoxy has a significant influence 
on the strain development in the model. The matrix and interface will be modelled 
as elastic-plastic materials (rather than elastic-perfectly-plastic as used previously) 
when determining the mechanical properties of the fibre bundle in section 4.1.3. 
Experimental tests were conducted to fully characterise the elastic-plastic 
behaviour of the DLS 1776 epoxy, with the mechanical properties obtained from 
the testing (section 3.1) used in this analysis. 
2.3.3 RVEs and boundary conditions/or composite microstructures 
A representative volume element (RVE) is defined as the volume of a 
heterogeneous material that is sufficiently large to be statistically representative of 
the composite, ensuring a sample is taken of all micro-structural heterogeneities 
that occur in the material [110, 148]. Determining the size of the RVE is 
important when calculating the material properties, with Figure 25 showing three 
possible RVEs (A, B and C) for a random distribution of fibres in a unidirectional 
composite, such as a fibre bundle. The RVEs in Figure 25 are of varying size and 
it is not obvious which RVE is the optimum for calculating the properties of the 
unidirectional composite. It was noted by Wongsto and Li [149] that the RVE size 
must accommodate the randomness without interfering. Approximate boundary 
conditions must then be applied to the RVE to consider it as a unidirectional 
composite to calculate the mechanical properties. It is acknowledged, however, 
that the models can never be fully representative of a fibre bundle due to the 
random distribution of the fibres across the transverse cross-section. 
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Figure 25 - Typical microstructure of a transversely randomly distributed 
unidirectional fibre composite (cross-section) [110] 
The interaction between multiple fibres has also been extensively modelled in the 
literature, with authors varying inter-fibre distance to calculate the properties of 
fibre bundles of varying volume fraction. However, the boundary conditions 
imposed on the models in these simulations is inconsistent, leading to 
uncertainties in the fibre bundle properties obtained. A review of these boundary 
conditions is necessary to clarify and establish the correct boundary conditions to 
calculate fibre bundle properties. 
An idealised composite with a regular structure is typically considered to 
determine the fibre bundles mechanical properties, with hexagonal and square 
packing arrangements used to approximate the material properties. There are 
many different unit cells that can be used to model the cross-section of the fibre 
bundle, with Figure 26 showing how symmetry can be exploited for a hexagonal 
packing arrangement. Li et a1. [150, 151] advocated the need for the use of a 
hexagonal packing arrangement over a square packing arrangement, as it is more 
representative of a physical material and preserves the statistical transverse 
isotropy of the composite. 
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Figure 26 - Unit cells for hexagonal packing arrangements [150] 
The periodicity of unit cell models implies that each RVE in the composite has the 
same deformation mode and there is nO separation or overlap between the 
neighbouring RVEs after deformation [110]. The boundary conditions on the unit 
cell allow for relatively small models to be considered when conducting analysis 
to determine the properties of a unidirectional composite, as the relationships 
imposed infer that the unit cell is part of a more extensive structure. 
Li [152] outlined the correct methodology to derive boundary conditions to 
exploit symmetry in microstructures when generating unit cells. Each RVE 
configuration, i.e. for the hexagonal packing arrangements in Figure 26, will have 
its own unique set of boundary conditions relating to the translational , rotational 
and reflectional symmetry of the unit cell. Once symmetry conditions have been 
established, the boundary conditions can be obtained for the unit cell. For 
example, unit cell X, highlighted in Figure 26, has translational symmetry in the y 
and z direction that covers the whole region of interest. 
Boundary conditions can be prescribed in terms of displacements or stresses on 
the outer surfaces of the unit cell, with [150] containing a comprehensive review 
of the constraints required for different unit cells. Figure 27 shows the horizontal 
constraints on a unit cell, between faces A and B, for a square packing 
arrangement. Surfaces C and D will also have equivalent constraints between the 
surfaces to ensure the translational symmetry is also maintained in the vertical 
directions. 
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Figure 27 - Square packing arrangement with nodal constraints shown in the 
horizontal direction, reproduced from [I 10] 
2.4 Review of literature related to the mesoscale of discontinuous 
composite materials 
2.4.1 Fibre bundling in discontinuous composites 
It was reported by Harper [8] that filaments tend to remain in bundles when they 
are chopped to form discontinuous laminates, with the bundled filaments 
behaving in a different manner when compared to the same volume of evenly 
dispersed fibres. Mulligan et a1. [153, 154] analysed the effect of fibre bundling 
on the performance of discontinuous materials and found that a material with 
dispersed fibres had a greater strength than that of a material with high levels of 
fibre bundling, with the alignment of the fibres in the bundles causing stress 
concentrations to develop in the material. Many authors therefore acknowledge 
that discontinuous materials containing bundles have a unique mesoscale structure 
[153-158], with Figure 28 showing a discontinuous preform with the fibres 
bundled together. 
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Figure 28 - Discontinuous fibre preform produced from the BRAC3D process 
[159]. 
Studies in [63,64] have shown that the behaviour of the fibre bundle is similar to 
that of a single fibre, with bundle pull-out a common failure mechanism in short 
fibre discontinuous materials and bundle fracture common in components 
containing longer fibre bundle lengths. Therefore, it is a fair assumption to 
consider the fibre bundle as a single volume, which is a convenient modelling 
strategy as each bundle contains thousands of filaments (3k, 6k, 12k or 24k), 
making it unfeasible to model them individually at the meso and macroscale. The 
idealisation that a fibre bundle can be modelled as a single entity simplifies the 
analysis and it is commonly accepted that the material properties of fibre bundles 
can be determined at the rnicroscale, with the volume fraction of fibres in the 
bundle dictating the stiffuess and strength. This strategy was adopted in [68, 160] 
with fibre bundles modelled as beam elements embedded in an epoxy matrix. 
However, using beam elements neglects common failure mechanisms that occur 
in the bundle, such as fibre-matrix debonding and transverse bundle fracture. 
The other two factors that influence the mechanical properties of the fibre bundle 
are the length and cross-sectional shape of the bundle. Coleman [161] 
demonstrated that the strength of a fibre bundle can be between 50-65% less than 
the strength of the filaments contained in the bundle. Bader and Priest [162] also 
reported that the mean strength of 1 K carbon tows is reduced by 10% with an 
increase in length from 20mm to 300mm. The cross-sectional shape of the fibre 
bundle also influences the mechanical properties of the manufactured component. 
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As bundles come into contact with other fibre bundles, the local cross-sectional 
shape of the bundle changes, with bundle spreading likely to occur at the contact 
point. The methodology used to determine fibre bundle shape is discussed in the 
following section. 
2.4.2 Bundle shape in composite materials 
Rujiter [56] and Crookston [55] performed studies to determine the cross-
sectional shape of a yarn in textile composites, highlighting the difficulty of 
predicting the shape due to multiple factors. Yam manufacturing, yarn processing 
(weaving, braiding, contact with other yarns), preforming (stacking, handling, 
compacting), impregnation of the resin and the curing (chemical and thermal 
shrinkage) of the composite can all influence the cross-sectional shape of the yarn 
[56]. This has led to a number of approximations being used to represent the 
shape, shown in Figure 29. 
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Figure 29 - Geometrical representations used for bundle cross-sectional shapes in 
textile materials. 
Sherburn [1] performed extensive numerical studies to look at the effects of 
forming on yarn geometry in dry textile composites, however, it was found in [56] 
that it is difficult to attribute deformations in bundle shape to stages in the 
production process, therefore predicting the fmal shape of the bundle in the 
manufactured part is difficult. To overcome this difficulty, the bundle shape is 
often extracted from the finished composite using microscopy, as shown in Figure 
30, with an assumption that the original bundle shape is not important if the final 
shape of the bundle can be obtained. The fibre density and fibre volume fraction 
across the bundle is plotted in Figure 30. The volume fraction across the width of 
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the bundle is relatively constant (-60%) and the shape is approximately lenticular 
in this study. 
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Figure 30 - Fibre volume fraction distribution across a fibre bundle in a textile 
composite material, reproduced from [163]. 
The production methods used to manufacture discontinuous composite materials, 
in particular the BRAC3D process, makes it even more complex to predict the 
bundle cross-sectional shape, with three main factors contributing to this shape 
variation. The first is the random orientation of the chopped fibre bundles, the 
second is the level of filamentisation in the fibre bundle, with the third attributed 
to the compaction levels in part forming. All of these factors change the cross-
sectional shape of the bundle, with a range of shapes likely across a component, 
which makes predicting the mechanical properties at the macro scale a complex 
procedure when compared to a textile material. In addition to thi s, it has also been 
noted that in discontinuous composites the end effects of the bundles playa 
significant role in the mechanical performance of the material [164J, which is 
another factor that has not been considered previously in textile models. 
The bundle cross-section in discontinuous composites varies significantly across a 
component and is not as regular and repeatable as in textile materials, but to 
simplify the analysis at the mesoscale an elliptical approximation has been used, 
based on the microscopy of a discontinuous specimen, shown in Figure 31. The 
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bundle shape in a discontinuous component was shown to be more elliptical than 
the lenticular shapes found in woven textile composites. 
Figure 31 - Micrograph of3k carbon tow discontinuous composite [8]. 
2.4.3 Review of modelling strategies employed in the literature 
Pan et a1. [43] studied the interaction of fibres in a discontinuous material using 
circular profiled inclusions encased in a unit volume of matrix material. The 
distance between the fibres was varied and the peak stress found in the matrix 
material between fibres was recorded to calculate the stress concentration factor 
(SCF). Two separate studies were conducted in [43]. In the first study one 
interacting fibre pair was considered, whilst in the second study 20 interacting 
fibre pairs were analysed. Each interacting pair contained two fibres that were 
orientated at 90° to one another. 
It can be seen from a summary of the results presented in Table 3 that by 
increasing the number of interacting pairs in the unit volume, the SCF increases 
significantly by 226% from 2.14 at a separation distance of 1.5d to 6.98 at 1.05d. 
Even when only one interacting fibre pair is considered, a S F of 4.96 is observed 
in the matrix material between the fibre pairs. The SCFs observed are high in this 
study as the stress is monitored in the matrix material between the fibres. Figure 
32 shows the local stress distributions that were obtained for the one and 20 
interacting fibre pairs at a separation distance of 1.05 fibre diameters. 
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Table 3 - Summary of results obtained in the interacting fibre pair study by Pan 
[43]. 
One Interacting Fibre Pair 20 Interacting Fibre Pairs 
Stress Concentration Inter-fibre distance Stress Concentration Inter-fibre distance 
Factor (SCF) (d = diameter of fibre) Factor (SCF) (d = diameter of fibre) 
1.37 Sd - -
1.78 LSd 2.14 LSd 
4.96 1.0Sd 6.98 1.0Sd 
Figure 32 - (Left) One interacting fibre pair with separation distance 1.05d, (right) 
20 interacting fibre pairs with 1.05d separation distance, reproduced from [43]. 
Toll [165] established a relationship to estimate the average number of contact 
points for a fibre in a short fibre reinforced composite material: 
8 
N = - Vra! 41 r(g . I ) 
7r 
Nc is the average number of contact points, a is the fibre aspect ratio , v.r is fibre 
volume fraction, and f and g are the scalar invariants of the fibre orientation 
distribution. Pan et a1. [43] used the equation derived by Toll for a 2D random 
distribution, withf= g = 2ht and a = 5. Using these parameters it was calculated 
that an RVE with 139 fibres (- 55% V r) would have 1112 contact points, or 556 
interacting fibre pairs, which could affect the elastic constants of the unit cell by 
up to 34.5%, using the results obtained from the FE studies. 
Harper [8] produced a DCFP process simulation to study fibre orientation and 
homogeneity, with a wide range of fibre orientations found across the surface of a 
part manufactured from discontinuous fibres. Pan et a1. [43] investigated the effect 
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of in-plane angular orientation between two interacting fibres on the elastic 
properties, initially having two fibres at 90° from one another and incrementing 
the angle by 15° until the fibres were parallel at 0°. As the angle was reduced from 
90° to 0° the interaction region between the two fibres became maximised, leading 
to an increase in the modulus of the RVE. The out-of-plane effect on the elastic 
properties of the RVE was studied in [43], for the out-of-plane angles in a 
discontinuous composite within the range of -10° to + 1 0°. It was found that the 
elastic properties of the RVE only decreased slightly, less than 0.01 %, when the 
out-of-plane angle was increased from 0° to 10°, with the in-plane angular 
orientation having a greater influence on the properties of the RVE. Luchoo et al 
[166] also found that there was only a small reduction (-5%) in tensile stiffuess 
with increasing levels of out-of-plane curvature, from 1 ° to 35°. However, the 
change in ultimate tensile strength (UTS) of the material was much more 
significant, with a reduction of 34% observed as the maximum out-of-plane 
orientation was increased from 1° to 35°. 
2.5 Review of literature related to the macroscale of discontinuous 
composite materials 
2.5.1 Characteristics of discontinuous materials and recent manufacturing 
developments 
Textile composites have continuous fibres that are woven in a repeatable weave 
across the component, allowing for relatively small mesoscale unit cells to be 
produced when predicting the mechanical performance of the material. This 
repeatable bundle architecture provides a constant volume fraction across a 
component, with few voids across a manufactured part. In contrast to this, 
discontinuous composite materials, such as DCFP and SMCs, can have large 
variations in the local volume fraction as the filaments tend to remain in bundles, 
which has previously limited their use to non-structural applications [153]. The 
meso structure of discontinuous materials can vary greatly across a component, 
attributable to the random nature in which the bundles are deposited, with the 
mechanical properties of the material dominated by this heterogeneity [167]. 
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The development of new manufacturing methods for discontinuous fibre 
architectures has seen void content reduced (-2%) and volume fractions up to 
54% achieved [36]. An optical micrograph showing the void levels in a specimen 
ofBRAC3D material can be seen in Figure 33. These recent developments allow 
more complex parts to be produced with greater thickness, with the possibility to 
control fibre placement and alignment to meet local loading criteria [168]. 
Figure 33 - Cross-sectional micrograph for a BRAC3D specimen at 54% Yr. 
bundle length 3011Ul1, showing void levels (red) in the material, reproduced from 
[36]. 
Recent advancements in discontinuous fibre preforming have enabled aligned 
fibre architectures to be produced, which are competitive against woven fabrics in 
terms of mechanical performance and cost, allowing them to be used for semi-
structural and structural applications. Partial alignment of fibres in the principal 
loading direction has proven to be an effective way of increasing tensile stiffness 
and strength by over 200% compared with the random fibre counterpart, when 
utilising 24K carbon tows [17, 27]. In addition to fibre alignment, smaller bundle 
sizes are known to offer improved mechanical properties over larger bundle sizes 
for discontinuous composites. attributable to the more homogeneous fibre bundle 
distribution [169] . Modulus and strength increases of 72% and 500%, 
respectively, were observed in [168] when comparing plaques manufactured from 
48K and 1 K tow sizes, however it was noted that the fibre cost rises by over 
1200% when substituting a 48K tow for a IK tow. To improve the mechanical 
properties of discontinuous composites, the fibre coverage needs to be more 
uniform, whilst keeping the cost of the component to a minimum. One solution is 
the mechanism of filamentisation. 
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Filamentisation, dispersion of the fibres in the bundle to provide a more 
homogenous coverage of the tool face, can be induced to improve the mechanical 
properties of discontinuous composites. Harper [8] found that in general, 
filamentisation increased the tensile properties 0 f discontinuous carbon 
composites over the range of bundle lengths tested (3mm to 115mm), with tensile 
modulus increasing by 18.9% and tensile strength up 44.1%. However, 
filamentisation is not always desirable for the manufacture of discontinuous 
materials. It has been reported that preform 10 ft can increase by up to 650%, 
making it much more difficult to process the material with fibre volume fractions 
limited to under 30% due to the inefficient fibre packing [8]. 
The effect of fibre length and filamentisation on the strength of discontinuous 
composites is shown in Figure 34. It can be clearly seen that shorter fibre bundles 
improve the strength of the composite (to a critical length between 3mm and 
6mm), with preform coverage more uniform and lower filament counts present 
due to natural filamentisation of the bundles [169]. At low levels of 
filamentisation, bundle pull-out will be the dominant mode of failure for the 
discontinuous composite; with bundle fractures likely to dominate the failure of 
the material as the level of filamentisation increases. By increasing the level of 
filamentisation of the fibre bundle more of the filament's surface area is exposed 
to the matrix material, enabling more efficient stress transfer between the two 
material constituents [13, 170]. 
It can be seen in Figure 34 that the strength of the composite decreases with 
increasing fibre length. Homogeneity of the composite improves at shorter bundle 
lengths as there is a reduction in bundle integrity, caused by higher levels of 
natural filamentisation [8]; therefore it is difficult to quantify the effect of bundle 
length on the composites mechanical properties at shorter fibre lengths «20mm). 
However, in a separate study in [171], it was found that the modulus and strength 
decreased by 7% and 16.8% respectively with an increase in fibre length from 
25mm to 75mm, attributable to an increase in local volume fraction variation with 
the increasing fibre length. 
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Figure 34 - Ultimate tensile strength as a function of fibre length and level of 
induced filamentisation for discontinuous composite samples [8]. 
2.5.2 Review of existing numerical models and their limitations 
Many authors have attempted to generate random fibre architectures for the 
modelling of discontinuous materials, using their different strategies. Some have 
opted to produce computationally efficient 2D models, which allows for quick 
determination of the materials stiffness and strength but do not truly capture the 
geometry of the fibre bundles in the unit volume. The development of 3D models 
in the literature has allowed for closer representation of the fibre bundle 
distribution, but the algorithms required to produce the bundle networks can be 
computationally expensive. 
Harper et a1. [68] developed a 2D random fibre bundle network model, using 1 D 
linear beam elements to represent fibre bundles. Bundles were limited to just axial 
material properties, with an effective circular cross section used to represent the 
shape of the fibre bundle. 2D resin elements, with a representative thickness, 
hosted the beams using the ABAQUS *Embedded Element technique. Bundle-
bundle contacts were permitted, as overlapping fibres were embedded in the same 
resin cell, providing no upper limit for fibre volume fraction or fibre aspect ratio. 
Figure 35 shows the random fibre network produced using the model developed in 
[68]. Fibres are initially deposited over an area (A'B' C'D') which is two fibre 
lengths (2l) longer and wider than the specified region of interest (ROJ), with the 
fibres then cropped to the ROI boundary (ABeD). 
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Figure 35 - Fibre distribution in the 2D model developed by Harper et al. [68]. 
The uncropped state is shown in (a), with the fibre distribution after cropping 
shown in (b). 
Tensile predictions from the model developed in [68] were found to be within 
10% and 20% for tensile modulus and strength respectively, when compared to 
experimental results for studies of varying volume fraction and length in [36]. The 
model was found to be computationally inexpensive, enabling large volumes 
(200mm x200mmx 3mm) to be analysed, but simulations were limited to in-plane 
tension because of the 2D fibre architecture and the hosting of the fibre elements 
in the resin using the *Embedded Element technique. The embedded element 
technique is simple and efficient for meshing the models, with a square grid 
generated across the ROJ. However, the hosting of the fibres in the resin elements 
is computationally expensive when running the FE analysis of the models, 
compared with more conventional meshing. 
The 2D fibre bundle network in (68] does not account for the out-of-plane 
orientation of the bundles and the interaction between bundles at the bundle-
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bundle crossovers, potentially leading to the discrepancy observed between 
numerical and experimental results in [36]. In addition to this, the fibre bundles 
are hosted by the resin elements, limiting the failure mechanisms that can be 
observed in the models. For example, interfacial debonding between the bundle 
and matrix is not possible using the embedded element technique, which will 
inherently lead to inaccuracies when predicting the strength of the material, as 
bundle pull out is a common failure mechanism in discontinuous composite 
materials. 
The beam model was extended to three dimensions by Luchoo et al. [166] to 
account for out-of-plane fibre curvature effects. A typical fibre network generated 
by the model is shown in Figure 36. A non-contact algorithm was developed, 
enabling more realistic fibre architectures to be produced with volume fractions of 
up to 60% achievable. 1 D elements were again used to represent the fibre bundles, 
with 3D continuum resin elements used to host the bundles. It was found that the 
out-of-plane fibre curvature had little effect on the in-plane tensile modulus, but 
the ultimate tensile strength (UTS) decreased by up to 34% with an increase in 
fibre bundle curvature from 1 to 35 degrees in the unit cell [166]. 
B ........ " 
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Figure 36 - 3D fibre bundle network model developed by Luchoo et al. [166] 
The model still hosted the fibre bundles in the resm using the *Embedded 
Element technique, preventing failure mechanisms such as interfacial debonding 
and bundle pull out from occurring. The processing time of the 3D fibre network 
FE models also increased by two orders of magnitude when compared to the 2D 
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models produced in [68], attributable to the additional degrees of freedom of the 
bundles in the 3D model [166]. 
Pan et al. [2, 43 , 172] have produced 3D macroscale models for discontinuous 
materials with glass fibre bundles represented by a dodecagonal approximation of 
an elliptical cross-section, shown in Figure 37. Linear segments were used to 
model the fibres; however there is a sharp change in orientation as the fibres pass 
through sub-layers of the model at intersection points, resulting in large local 
stress concentrations at the inflection points. This is not physically representative 
of a discontinuous composite material, with Figure 38 showing the fibre network 
generated. It was observed in [166] that the fibres out-of-plane orientation 
changes gradually without abruptly changing direction, with the approach adopted 
in [2] unable to capture the effects of fibre compaction and redistribution in areas 
of high volume fraction. The results from the model were compared to 
experimental results, with errors of less than 5% observed between the predicted 
UTS of the model and test coupons [69]. 
Figure 37 - Dodecagonal approximation of bundle cross-section adopted by Pan 
[2] 
3 
L::, 
Figure 38 - 3D fibre network produced by Pan [2] (left), with the inflection points 
shown to allow fibres to pass through sub-layers in the model (right) . 
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A random sequential fibre absorption scheme was adopted in [2], limiting volume 
fractions to 35-40% due to fibre 'jamming'. Random sequential absorption (RSA) 
and Monte Carlo (MC) methods add fibres to layers in an RVE and avoid fibre-
fibre intersection by discarding contacting fibres. Random numbers are generated 
for the orientation and position of the centre of the fibres, with 'jamming' 
occurring when regions of free space are too small to accept additional fibres as 
intersections become unavoidable in the remaining free volume [173]. RSA adds 
successive fibres to an RVE, whilst the MC method initially deposits all fibres 
inside the RVE, before algorithms are implemented to rearrange the fibres in the 
volume, without violating the contact algorithm [174, 175]. RSA and MC can 
therefore inadvertently homogenise the material, which is unrepresentative of a 
discontinuous material which can have areas of high and low volume fraction 
across a component. Both methods produce architectures that appear random on a 
global scale, but clusters of aligned fibres are introduced at the local level [176]. 
Dumont at al [177] developed macro scale models using the methodology outlined 
in [178, 179], with slender fibre bundles immersed in an incompressible 
Newtonian fluid, allowing a connected fibre bundle network to be produced. The 
interaction between two individual bundles is shown in Figure 39, with the 
sheared zone between the inclusions highlighted. The full fibre bundle network 
produced by the model, Figure 40, was developed to predict the orientation 
change of fibre bundles in a short fibre bundle composite induced during the 
forming process. Bundles are allowed to bend along their length as the volume 
fraction in the cell is increased, with variation also found in the elliptical bundle 
cross-section in areas of high bundle density [177]. The model produced in [177] 
has an upper limit of 30% for the volume fraction of fibre bundles contained in 
the RVEs, limiting its use as it cannot be used to model high volume fraction parts 
produced from techniques such as the BRAC3D process [36]. 
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Figure 39 - Bundle-bundle interactions. (a) Isometric view of connected bundles, 
(b) side view of the sheared zone between the bundles, and (c) plan view ofthe 
overlapping surfaces. Reproduced from [177]. 
Figure 40 - Macroscale model developed by Dumont et al [177] to predict 
orientation change in short fibre bundle composites during the forming process. 
(Left - 25mm x 25mm x 2.5mm RVE with 437 bundles oflength 25mm. 
Right - RVE after flowing under plane strain deformation.) 
Evans and Ferrar [176] demonstrated that achievable fibre volume fractions with 
RSA techniques is a function of the fibre AR. Volume fractions as high as 60% 
can be achieved for ARs of 1 (sphere), but this reduces to less than 40% for ARs 
of6. Kari [110] created discontinuous fibre RVEs with inclusions of different AR, 
which allowed for volume fractions of up to 40% to be generated. MC methods 
are limited to volume fractions of 20-25%, depending on the AR of the fibres 
[110, 174]. Both the RSA and MC method fall short of the 55% volume fractions 
that are achievable in discontinuous materials [36, 180], with Duschlbauer et al 
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[174] concluding that forced packing and the introduction of agglomerations are 
required to produce higher volume fraction RVEs. The difficulty of generating the 
fibre architecture at higher volume fractions (- 50%) was highlighted in [159] , due 
to the computational expense and complexity of the algorithms needed to deposit 
bundles without self-intersection. Another issue is the meshing of the models, 
with a very fine mesh required close to the fibre intersections due to the close 
proximity of the fibres and also to capture the stress transfer between the fibres, 
which can lead to a significant increase in computational run time for the models. 
Luchoo et al. [159] used an alternative strategy to avoid the problem of fibre 
' jamming', using 20 shell elements embedded in a 30 volume of resin. A force-
directed attraction-repulsion algorithm is used to redistribute the 20 fibres a 
pressure is applied from the matched mould tool, shown in Figure 41. This allows 
a randomly distributed fibre network to be produced that is smoothly interpolated 
in 3D space (Figure 42). This strategy allows representative high volume fraction 
RVEs to be produced, but the model still uses the *Embedded Element technique 
employed in [68]. By hosting the fibre bundles in the 30 resin element 
debonding between the two constituents is prohibited, limiting the failure 
mechanisms that can be observed in the FE analysis. The model is also 
computationally expensive, in the generation of the RVEs themselves, due to the 
complexity of the algorithms required to deposit and then relocate the fibre 
bundles, and in the running of the FE analysis. 
Uncompressed Shells Compressed Shells 
Figure 41 - Force-directed algorithm used by Luchoo et al [159] to generate 
discontinuous fibre architectures. 
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Figure 42 - Sample RVE produced by Luchoo et al [159]. 
2.5.3 Review of macroscale R VEs and associated boundary conditions 
Fibre bundle length, bundle aspect ratio and volume fraction all contribute to the 
bundle architecture observed in a discontinuous composite and can influence the 
size of the RYE required, with these factors also dictating the stiffuess and 
strength of the material. To avoid the need for large, computationally inefficient 
unit volumes it is necessary to establish a methodology to determine the RYE size 
for discontinuous materials. A review of current RVE generation techniques for 
macroscale models is detailed in this section, with appropriate boundary 
conditions identified to allow a reduction in RVE size for FE analysis of 
discontinuous materials. 
Periodicity is often imposed on material models to reduce the size of the RVE 
required for FE analysis [43 , 110, 175, 181 , 182]. Fibres, or bundles, that cross the 
RVE boundary are cut and shifted to the opposite face to maintain periodicity. 
Gitman et al [183] used periodic boundary conditions for randomly heterogeneous 
transverse bundles and spherical inclusions, and found that smaller RVEs (- 30%) 
are required when compared to models with non-periodic conditions. Pan et al 
[43] used periodicity, shown in Figure 43, to ensure that each fibre deposited was 
fully contained in the RVE. By cropping the fibres, a representative number of 
bundle ends will be contained in the RVE. However, it was found in [184] that 
enforcing periodicity for long slender fibres with larger aspect ratios can cause a 
boundary effect, influencing the local fibre volume fraction distribution around 
the edge of the model, which can affect the critical size of the RYE. This 
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boundary effect can eliminate the randomness in a material and can create a 
pseudo-random situation as the randomness is compromised. 
L: 
.. 
• 
• 
Figure 43 - RVE geometry periodicity of fibres after being cut at the boundary 
and translated to opposite faces [43] 
Some authors have opted to use an alternative approach to avoid imposing 
periodicity, where the region of interest (ROI) is embedded in a homogenous 
material to transmit the applied load [185-187]. The embedding of the cell leads to 
perturbations in the local stress and strain fields at the boundary of the ROl , 
similar to the periodic approach [184]. A study was conducted in [184] to 
compare the embedding of the ROI in a homogenous and heterogeneous material, 
to determine the critical decay length for both models. Figure 44 shows the 
approach adopted in the study, with a critical decay length of 0.5 and 2 fibre 
lengths found for the homogenous and heterogeneous models, respectively. The 
heterogeneous approach resulted in larger models being required for analysis, 
however this approach was considered to be more reliable than the homogeneous 
approach, which had large stress perturbations at the bundle ends at the boundary. 
The critical decay length of two fibre lengths found in the study in [184] was 
consistent with the findings in [149], where a decay length of two times the 
reinforcement scale was found for a unidirectional fibre reinforced composite with 
fibres distributed at random over a transverse cross-section. 
Saint-Venant's principle [188] was exploited in [184] on the inner region of the 
model, defined as the RVE in Figure 44, with periodic boundary conditions 
imposed on the outer model boundary. Saint-Venant allows an approximation to 
the exact solution to be calculated if the RVE is a critical 'decay length' away 
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from the boundary. The distribution of nodal displacements can be integrated with 
respect to the nodal position along the boundary in question, in order to obtain the 
average displacement of the RVE [184]. By utilising Saint-Venant's principle, the 
effects of the boundary conditions are removed from the analysis, thus improving 
the accuracy of the model when predicting the modulus and strength of the 
discontinuous material. 
~ ~ of InttrMt (ROI l 
Figure 44 - Schematic of models in [184]. (Top) As-deposited state, (bottom -
left) trimmed state for heterogeneous approach and (bottom - right) trimmed state 
for homogeneous approach. (Note: Black lines represent the bundle centre lines). 
Limited data exists in the literature for defining the critical size of RVEs for non-
aligned discontinuous fibre composites. A study was conducted in [189] to 
determine the critical (minimum) size for discontinuous RVEs, and it was found 
that it is more efficient to test fewer larger models than many smaller models, for 
the same level of statistical confidence (- 95%) when determining the elastic 
material properties. In [172] the RVE boundary length was set to at least two 
times the fibre length, with the study in [189] determining that an optimum RVE 
edge length is 4 times the fibre length. Convergence of the effective mean values 
for El, E2 and G12 was found in [189] with this greater RYE edge length, with the 
results independent of the fibre volume fraction of the material. The Poisson' s 
ratio was largely unaffected by the RYE size of the FE models. The model 
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developed in [184, 189] uses the embedded element technique adopted in [36], 
which has limitations in the failure mechanisms that can be observed in the 
material as the resin elements host the fibre bundles. 
2.6 Summary 
2.6.1 Material characterisation 
Interactive failure criterions, such as von Mises, Tresca and Drucker-Prager, are 
ideally suited to isotropic materials as they combine the principal stresses in all 
directions before determining if failure has occurred. Independent failure 
criterions, such as Maximum Stress criterion and Maximum Strain criterion, are 
better suited to transversely isotropic materials as they allow different stiffuess 
and strength values to be assigned in each principal direction. In this thesis, 
Maximum Stress criterion has been selected to predict the onset of failure in the 
fibres and bundles for analysis, with von Mises selected to define the onset of 
failure for the matrix material. 
2.6.2 Microscale modelling 
The use of cohesive elements, or equivalent spring/connector elements, is 
necessary to simulate debonding, with this methodology adopted at the micro scale 
to predict the debonded lengths of single fibre composites. The cohesive 
parameters established in this section will be used to define the behaviour of the 
cohesive elements used in the micro scale analysis of a single fibre composite. The 
traction-separation laws developed at the micro scale will then be directly used at 
the macro scale when simulating debonding of high volume fraction discontinuous 
composite materials. 
The factors that influence the ineffective length of a broken fibre and the 
positively affected length (PAL) of a neighbouring, intact fibre have been 
reviewed. It was noted that the presence of a soft interface reduces the reinforcing 
efficiency of a broken fibre, therefore limiting the strain concentration in the 
surrounding fibres, whilst a stiff interface yields less and the surrounding fibres 
will experience a higher strain concentration factor [48]. When debonding occurs 
in a composite material the ineffective length of the broken fibre increases, with 
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the PAL of the fibres adjacent to the fibre break also increasing, which could lead 
to further fibre fractures in the composite [129]. 
Appropriate boundary conditions have been identified to generate unit cells to 
determine the mechanical properties of fibre bundles, using the methodology 
outlined by Li et al. [150, 151]. A hexagonal packing arrangement has been 
selected to determine the bundle properties in this analysis, as it was found in 
[150, 151] that a hexagonal arrangement is more representative of the fibre bundle 
and preserves the transverse isotropy of the unidirectional composite model. 
2.6.3 Mesoscale modelling 
Numerical models have been developed to look at the interaction of fibres at 
crossover points, to establish the influence of orientation and separation when 
determining the mechanical properties of composite unit cells. In [43] the 
influence of in-plane and out-of-plane orientations of the fibres were investigated, 
with it shown that the out-of-plane angle has little impact (-0.01 %) on the 
stiffuess of the unit cell. The number of intersection points in a discontinuous 
composite, as estimated by Toll [165], is known to impact the elastic constants of 
unit cells, with potential errors of up to 34.5% estimated when predicting the 
elastic constants of composites with 55% Vr[43]. 
2.6.4 Macroscale modelling 
It has been shown that the macroscale structure of a discontinuous composite 
material is complex and is influenced by multiple variables. Filaments tend to 
remain in bundle form, especially at longer bundle lengths (>20mm), which 
provides variations in local volume fraction across a component. At shorter 
bundle lengths «20mm), natural filamentisation is likely to occur as the bundle 
loses its integrity, increasing the homogeneity across the discontinuous material 
[8]. 
A review of numerical models has shown that producing random fibre bundle 
architectures is a complex process. Some models are limited on achievable fibre 
72 
Chapter 2 - Literature Review 
volume fractions [2, 43, 110, 172, 174], whilst others do not allow for the full 
range of failure mechanisms of the composite material because of the use of the 
*Embedded Element technique [36, 68, 159, 166]. Replicating the in-plane 
orientations and out-of-plane waviness that can be observed in the discontinuous 
materials, in addition to the interactions between the fibre bundles, has proven to 
be difficult. The correlation of results with experimental data is also limited, with 
error margins in the order of 10% and 20% for the prediction of modulus and 
strength, respectively, in current models [68, 159]. 
An optimum macro scale model should be able to model volume fractions 
approaching 50%, with the full array of failure mechanisms associated with 
discontinuous materials permitted; matrix cracking, bundle fracture, bundle pull-
out and interfacial debonding between bundle and matrix. Currently, there is no 
published work in the literature that can satisfy all of these requirements. The 
fmdings from [189] will assist the macro scale model development in this thesis, 
with RVE boundary lengths set to a minimum 0 f 2 times the fibre length in the 
analysis [149]. 
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Chapter 3 Methodology 
3.1 Material characterisation 
3.1.1 Individual filament properties 
Manufacturer data for the carbon fibres used in the development of the BRAC3D 
process is detailed in Table 4. These values will be used when looking at 
micro scale models of discontinuous composite materials. Transverse and shear 
mechanical properties of fibre bundles will be calculated, to complement axial 
tensile tests conducted in sections 3.1.2. 
Table 4 - Carbon filament properties supplied by Toray for T700 12k SOC. [190] 
Axial Tensile Modulus, E33 (GPa) 230.00 
Diameter (Jlm) 7.0 
Axial Tensile Strength, am (MPa) 4,900 
Density (g/cm3) 1.80 
Strain (%) 2.1 
Sizing (%) 1.0 
Determining the strength of filaments is complex as the length of the filaments is 
known to be critical, with many studies [191-195] showing that the tensile 
strength of single brittle filaments decreases with increasing length. According to 
Weibull's weakest link theory [196], the strength of a brittle material, such as 
carbon filaments, is size dependent as there is a higher probability that a larger 
volume of material will contain a critical flaw. The Weibull relationship for the 
mean fibre strength, iii ' is a function of the fibre length, I. shown in Equation 13. 
The gamma function, r, is a constant determined experimentally, m is the Weibull 
modulus and (10 is the filament strength at 1 = 1 mm. 
Equation 13 
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Values ofm = 9.7060, i' = 1.5083 and ao = 5199.4MPa were used in [8] to predict 
the strength of carbon filaments, where the tensile strength of the filament was 
shown to reduce by 37% as the gauge length was increased from 5mm to 100mm. 
Van Hattum [197] used a Weibull modulus value, m, of20 for carbon filaments 
based on the findings in [198, 199], with the strength of 80mm carbon fibres 
shown to be 40% lower than the strength of 5mm fibres in that study. 
Experimental work was conducted by Pardini et al [200] on single carbon fibres at 
different gauge lengths, with the results from this study presented in Table 5. It 
was shown that as the gauge length increased from 25mm to 100mm the tensile 
strength reduced by approximately 12%, whilst the tensile modulus was largely 
unaffected. 
Table 5 - Variation in tensile strength of carbon fibres as a function of the gauge 
length, reproduced from [200]. 
Specimen Tensile Extension Calculated Young's Gauge Length Strength (GPa) at break Strain (%). Modulus (GPa) (mm) (mm) 
25 2.90 ±0.97 0.3250 1.318 220.00 
50 2.70 ±0.72 0.5631 1.126 240.00 
75 2.66 ±0.87 0.8351 1.113 240.00 
100 2.54 iO.80 1.0882 1.088 233.00 
Average 2.70 ±0.15 1.1612 ±0.10 233.00 ±9.40 
• assuming ideal Hookean behaviour (linear elastic material) 
Although the length of the filament has been shown to directly influence the 
filament strength, the lengths of the filaments in the analysis contained in the 
micro scale analysis in this thesis will not exceed 1 mm. Therefore, it will be 
assumed that the fibre strengths are constant throughout the micro scale analysis, 
with the values used detailed in Table 4. The lengths of the fibre bundles 
considered in the analysis at the meso and macroscale are much greater than the 
fibre lengths considered in the analysis at the micro scale. Therefore, Weibull 
effects must be incorporated at the meso and macro scale to quantify the reduction 
in strength of the fibre bundles with increasing length. 
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3.1.2 Fibre bundle tensile testing 
3.1.2.1 Background 
Fibre bundles are comprised of thousands of filaments and a matrix material when 
formed in a composite, with the rule of mixtures (ROM) approach traditionally 
adopted to determine the mechanical properties of the bundle in the longitudinal 
direction. The volume fraction of filaments in the bundle is determined, typically 
using microscopy, with the bundle considered to be a unidirectional composite for 
the purpose of calculating the modulus and strength along the axis of the bundle. 
This method has its limitations, as it does not typically account for fractures that 
may exist along the lengths of the fibres that make up the bundle. In addition to 
this, coatings are also applied to fibres and the ROM approach overlooks this in 
the determination of the mechanical properties of the bundle. 
Weibull theory has also been applied at the mesoscale to fibre bundles which 
contain thousands of filaments, but the results are less conclusive [8]. Bader and 
Priest [162] reported that the mean strength of 1 K carbon tows was reduced by 
10% when the gauge length was increased from 20mm to 300mm, which is lower 
than the reduction seen for individual filaments in section 3.1.1. Weibull theory 
assumes that failure is sudden and therefore component failure coincides with 
failure of the weakest link. This oversimplifies the failure of a fibre bundle as the 
failure can be progressive, with load redistributed to adjacent filaments by shear 
transfer through the matrix when a single filament fails [201]. With this 
uncertainty in determining the mechanical properties of carbon fibre bundles, it 
was deemed essential to perform an experimental study to determine the tensile 
strength of To ray T700 12k SOC tows at a range of gauge lengths. 
3.1.2.1 Tensile testing 
Impregnated single fibre bundles were manufactured according to the test 
standard BS EN ISO 10618:2004. The test standard specifies a method of testing 
for the determination of the tensile strength, tensile modulus of elasticity and 
strain at maximum load of a resin-impregnated yarn specimen, applicable to yarns 
of carbon fibre used as reinforcements in composite materials. The calculation of 
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tensile strength at a range of bundle gauge lengths was of primary interest in this 
study. 
To manufacture test samples, a bobbin of fibre was placed on a creel stand and 
pulled through an impregnation bath filled with epoxy resin. The tow was passed 
over a series of rollers to control the resin content (target of 60% V r) before being 
wound onto a frame consisting of four 010mm rods configured in a square 
pattern. The impregnated bundles were hot-air cured at a temperature of 80·C for 
two hours. Gurit PRIME20 epoxy resin was chosen to comply with the test 
standard, having a strain to failure of 4.1 % (according to the manufacturer's data 
sheet). Figure 45 shows the bundle test specimens after manufacture. 
Figure 45 - Bundle test specimens produced for tensile testing according to the 
test standard BS EN ISO 10618:2004. 
A near circular cross-section with no macroscopic voids, approximately 1 mm in 
diameter, was achieved when manufacturing the bundles, with a representative 
optical micrograph shown in Figure 46. Bundles were tabbed at each end using 
the two plate method shown in Figure 47, in order to avoid premature failure at 
the jaws of the testing equipment. Specimens were tested to failure at an extension 
rate of 1 mm1min. The ultimate tensile strength values were calculated based on 
the effective cross-sectional area of 12,000 filaments with an average filament 
diameter of him each - based on the manufacturer's data in Table 4. The 
contribution of the resin was ignored in the calculations as it was deemed to be 
negligible, with the strength of the individual filaments calculated and compared 
to the strength specified by the manufacturer (4,900MPa - Table 4), shown in 
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Figure 48. Fifteen repeats were tested for each gauge length (1 Omm, 20mm, 
SOmm, 100mm, and ISOmm). 
Figure 46 - Typical cross-section of an impregnated Toray T700 12k SOC tow. 
Figure 47 - Tabbing configuration used for bundle test specimens. 
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Figure 48 - Ultimate tensile strength results compared to manufacturer data and 
Weibull distribution fit for the filaments contained in a single impregnated bundle. 
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At the shortest gauge length of 10mm, the experimental values for the filament 
strength are shown to be within 0.6% of the UTS values quoted on the 
manufacturers' data sheet. In general, there is a reduction in UTS with increasing 
gauge length, with the UTS for a 150mm gauge length being just 4.4% lower than 
that ofa 10mm gauge length. A non-linear regression analysis has been performed 
using NLREG v6.3 to summarise the experimental data for finite element 
modelling purposes. A two-parameter Weibull distribution has been used, where 
alo is the scale parameter, y is the shape parameter and 10 is a typical gauge length 
of50mm: 
1 
(llo)-r 0"1 = a,o 
Equation 14 
(J'lo and y were estimated to be 4725.21MPa and 55.896 respectively, with a 
Correlation Coefficient (R2) of 94.5% between experimental data and the values 
calculated using Equation 14. The Weibull distribution plot is compared with the 
experimental data in Figure 48. Using Equation 14, the strength of filaments can 
be determined at a range of gauge lengths. To calculate the ultimate tensile 
strength (UTS) of a fibre bundle, the strength calculated by Equation 14 is 
multiplied by the fibre volume fraction of the bundle, with the UTS predictions 
for a 60% V f bundle at a range of gauge lengths shown in Table 6. 
Table 6 - Predicted carbon fibre bundle strength (60% Vr) at a range of gauge 
lengths. (Note: These lengths can currently be cut using the BRAC3D process). 
Fibre Bundle Ultimate Tensile 
Length (mm) Strength (MPa) 
2 3003.18 
10 2917.95 
18 2887.42 
36 2851.84 
54 2831.23 
90 2805.47 
140 2783.38 
180 2770.89 
The results obtained in this section provide axial strength data that will be used for 
carbon fibre bundles at the meso and macro scale for finite element predictions. 
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The strength of the bundle is calculated using Equation 14 based on the bundle 
length considered in the analysis. The modulus in the axial, transverse and shear 
directions is calculated using finite element models of a unit cell generated to 
represent a fibre bundle in section 4.1.3. 
3.1.3 Epoxy matrix testing 
3.1.3.1 Background 
The epoxy resin used in the BRAC3D process [36] is a development system 
produced by Hexcel called DLS 1776. It is a powdered epoxy that is deposited at 
the same time as the fibre bundles during the manufacture of discontinuous 
components. The powdered epoxy is heated momentarily, via the use of a custom 
burner design shown in Figure 49, to tum the powder into a semi-liquid state. As 
the powder hits the tooling, held at ambient temperature, it quickly cools and 
solidifies resulting in a net shape charge with 100% tool coverage. The cycle is 
completed by transferring the highly conductive tool skin to a separate moulding 
station (at temperature -125°C) and curing the charge under heat and pressure in a 
matched-sided tool for approximately 23 minutes [36]. 
As the epoxy was a prototype, with an unconventional cure cycle, its mechanical 
properties were unknown. Testing was therefore necessary to determine the 
mechanical properties for three key loading scenarios - tension, compression and 
shear; allowing the calculation of modulus, yield stress and failure stress/strain for 
each load case. 
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Figure 49 - (a) Propane-fuelled burner. (b) Outer shroud removed to show ignited 
burners. (c) Burner tip showing air stream convergence with powder stream [I]. 
3.1.3.2 Preparation oj samples 
To produce neat resin plaques, the virgin DLS 1776 powder was deposited onto a 
polished aluminium plate (0.8mm thick) at room temperature. A 5mm thick 
frame, cut from Rohacell 7IG foam, was used to constrain the flow of the resin 
and the inner dimensions of the frame were 300mmx400mm. A second 0.8mm 
thick polished plate, equal in size to the outer frame, was placed on top of the 
Rohacell dam. This entire arrangement was then placed inside a vacuum bag and 
evacuated of air, before being loaded into a hot air oven at 125 0 for 23 minutes. 
The plaques were left to cool to ambient temperature before dismantling to avoid 
any cracking of the material. 
Once the plaques were manufactured, the samples were water-jet cut to the 
required size, according to the following test standards: 
Tension 
Compression -
Shear 
BS EN 2747-1 [202]. 
ISO 604 [203]. 
ASTM D7078 [204]. 
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The edges of the specimens were all polished using 400 grit abrasive paper to 
remove any potential stress raisers. The surfaces and edges of the specimens were 
then inspected to ensure they were free from scratches or any other visible 
imperfections that could influence the results. Ten specimens were tested for each 
of the loading scenarios and the mean results are presented in section 3.1.3.5. 
3.1.3.3 DIe experimental testing procedure 
Specimens were loaded to failure in a hydraulic Instron 500 tension/compression 
machine, at an extension rate of 1.0 mm/min. A sampling rate of I Hz was 
adopted for the load data acquisition. A Limess Vic3D Digital Image Correlation 
(DIC) system was used to produce full-field strain measurements of the 
experimental test specimens. This method was contact less and therefore 
eliminated the potential risk of premature failure caused by the jaws of a clip-on 
extensometer, with the use ofDIC also ensuring that out-of-plane movement was 
accounted for in the calculations of modulus. 
The surface of each sample was sprayed white and then a black speckle pattern 
was applied to obtain a randomised grey level distribution. Both layers of paint 
were applied using a Harder and Steenbeck Evolution Airbrush, with a 00Amm 
splatter nozzle. Efforts were made to ensure that the diameter of the speckles were 
as uniform in size, but not distribution, and as small as possible to provide a good 
spatial resolution. 
A white light (6400K colour temperature) was used to illuminate the area of 
interest. Images of the specimen surface were recorded throughout the test at an 
acquisition rate of 0.33 Hz, via two 2.0 Megapixel CCO cameras fitted with 
Pentax C37500 lenses (f = 75mm, 1:2.8 0). The cameras were mounted on a 
tripod positioned 1.5m away from the subject to provide a 120x120mm field of 
view. The local displacement resolution of the system is 0.01 pixels, which 
corresponds to 0 . 2 4 ~ ~ for the current set up. An image processing unit was used 
to calculate a three-dimensional displacement field, based on correlation 
calculations. The method consists of correlating the grey pixels in each deformed 
image to the counterpart in the undeformed (reference) image. The area of interest 
of each image was divided into small square subsets of size 25x25 pixels, using a 
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step size of 3 pixels (Le. the subset moves by 3 pixels in the x and y directions -
providing a small degree of overlap in the strain calculations). Digital images 
were recorded in Limess VicSnap during testing, in preparation for post 
processing analysis in Limess Vic3D. 
3.1.3.4 Experimental testing results 
Tensile testing 
Ten dog-boned tensile speCImens were water-jet cut from each plaque in 
accordance with BS EN 2747-1 [202]. The dimensions of the dog-boned specimen 
are shown in Figure 50. A digital micrometer was used to measure the thickness, 
width and length of the specimens to three significant figures, with five 
measurements of each recorded and averaged to determine the effective cross-
sectional area of the specimen. 
l50mm 
Thicben 113mm 
4mm 80mm 
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Figure 50 - Specimen dimensions for tensile tests, according to BS EN 2747 
[202]. 
Figure 51 shows images of a tensile specimen undergoing testing with the DIC, 
with the left image showing the speckle pattern on the sample and the right image 
showing the local strain field at 2.21 % global strain. A summary 0 f the results 
obtained from the tensile tests is shown in Table 7. The DLS epoxy behaved in an 
elastic-plastic manner, with a clear yield point at 25MPa. Up until the point of 
yield, the increase in stress was proportional to the increase in strain, with a 
constant elastic modulus of 3.35 GPa for the material. After reaching the yield 
point of 25MPa the resin behaved in a non-linear manner as it began to defonn 
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plastically, failing at an ultimate strain of approximately 2.5%, with an UTS of 
approximately 65MPa. The stress-strain curve for the DLS 1776 epoxy from the 
tensile testing is shown in Figure 52. The Poisson's ratio of the epoxy was also 
calculated using the tensile test results (Table 7) by dividing the strain 
experienced by the Region of Interest (ROJ) in the transverse direction by the 
strain in the loading direction. 
Refuence Image 221% Strain 
Figure 51 - DIC reference image (left) and image taken prior to final failure at 
2.21 % global strain (right) for a dog-boned DLS 1776 resin sample. 
Table 7 - Summary of results obtained from Ole tensile testing. 
Tensile Yield Ultimate Tensile Strain to Poisson's 
Modulus (ET) 
3.35GPa (± 
10.9%) 
Strength (ay) Strength - UTS (aT) Failure (lOt) 
25MPa 65MPa (± 7.8%) 2.50% 
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Figure 52 - Approximation of stress-strain curve for DIC tensile testing ofDLS 
1776 epoxy. 
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Compression testing 
Two sample sizes were required for the compressive testing of the epoxy matrix 
to comply with the ISO 604 test standard [203], one to determine the modulus and 
the other to determine ultimate strength (shown in Table 8). Hardened steel 
compression plates were fitted to the Instron to apply the deformation load to the 
test specimens. Ten specimens were tested for each test method, at a compression 
rate of 1.0mmlmin. Five measurements of the thickness, width and length of the 
specimens were taken with a digital micrometer to three significant figures, before 
being averaged to determine the effective cross-sectional area, to allow 
calculation of the compressive modulus and strength. Figure 53 shows an image 
taken using DIC of a compressive strength test, with a specimen undergoing a 
compressive modulus test shown in Figure 54. 
Table 8 - Specimen dimensions for compression tests, according to ISO 604 
[203]. 
Type Measurement Length Width Thickness (mm) (mm) (mm) 
A Modulus 50 ± 2 10 ± 0.2 4 ± 0.2 
B Strength 10 ± 0.2 10 ± 0.2 4 ± 0.2 
Figure 53 - Sample image from DIC compression testing ofDLS 1776 - strength. 
The results obtained from the two compressive tests on the DLS 1776 epoxy are 
detailed in Table 9. The modulus of the resin was determined to be 7.53GPa, 
which is over two times greater than the calculated tensile modulus. The 
compressive strength of the resin was approximately 316MPa, almost five times 
greater than the 65MPa tensile strength. In metals, the compressive and tensile 
modulus is often very close, however, in polymers the tensile and compressive 
modulus can vary widely, with the variation often 50% or greater, depending on 
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the resin type [205]. An epoxy material typically exhibits greater stiffness and 
strength in compression than it does in tension, with the values obtained from the 
experimental tests in this section comparable with other commercially used 
epoxies in composite materials [206] . The behaviour of the epoxy was linear-
elastic in the compression tests and this is modelled accordingly in the UMA T 
developed in section 3.2. 
R e f e r e n c ~ ~ Image 1.0% Strain 3.0% Strain 
Figure 54 - Sample images from DIC compression testing ofDLS 1776 -
modulus. 
Table 9 - Summary of results obtained from DIC compression tests for DLS 1776. 
(Note: Strain to failure is calculated using the modulus and strength of the 
material) . 
Compressive Modulus (Ed Compressive Strength (ac) Strain to Failure (Ec) 
7.S3GPa (± 16.3%) 316.0MPa (± 11.1%) 4.20% 
In-plane shear testing 
Ten specimens were prepared for the v-notched shear rail test, ASTM D7078 
[204], with the dimensions of the samples shown in Figure 55. The shear rail test 
is typically used to determine in-plane shear properties of composite material s that 
have fibres parallel and/or perpendicular to the loading direction. It has been used 
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to determine the in-plane shear properties for OLS 1776 epoxy due to a lack of 
availability of other test rig facilities, notably ASTM 0732- 10 [207]. It is 
accepted that the results obtained from the test are limited, but as the material is a 
prototype and no manufacturer data is available, it was deemed essential to 
conduct the tests to provide an initial prediction for the shear modulus and 
strength of the resin. 
The specimens were subjected to an extension rate of 1.Ommlmin applied at the 
shear rails, with OIC used to track the local strain, shown in Figure 56. The 
central region of the sample is subjected to shear loading and the average shear 
strain across this region was calculated using the post-processing software Limess 
Vic3D. Table 10 shows the shear modulus, strength and strain to failure obtained 
from the ASTM 07078 shear rail test. 
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Figure 55 - Specimen dimensions for ASTM 07078 v-notched shear rail test 
[204]. Strain was averaged across the grey region in the centre of the test sample 
for the calculations. (Note: The specimen thickness, h, in this analysis was set to 
Smm). 
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Figure 56 - Sample image from DIC shear testing of the DLS 1776 epoxy. 
Table 10- Summary of results obtained from DIe shear tests for DLS 1776 
epoxy. (Note: Strain to failure is calculated using the modulus and strength of the 
material) . 
Shear Modulus (GXY) Shear Strength (axy) Shear Strain to Failure (cxy) 
2.08GPa (± 18.7%) 32.8MPa (± ) 3.8%) 1.70% 
Although the ASTM D7078 test isn' t ideally suited for shear testing of a neat 
resin sample, the results obtained are comparable to the mechanical properties 
obtained using the ASTM D-732 test method for neat epoxy res in samples, with 
shear strength values of 34.5MPa and 37.2MPa quoted in [208] and [209], 
respectively. If the shear modulus of the material is calculated using the tensile 
modulus of the material using Equation 15, then the predicted shear modulus is 
1.214GPa, which is much lower (-41%) than the actual shear modulus of the 
material calculated in the experimental testing. 
G = 2(1 + v) 
E Equation 15 
3.1.3.5 Epoxy matrix properties 
A summary of the results from the three experimental tests is presented in Table 
11. The compressive and shear tests do not have a value for yield stress, as the 
DLS 1776 behaved in a linear-elastic manner up until the point of failure under 
these loading conditions. However, the epoxy did show a clear yield point when 
under tension and this was found to be at 25 MPa. The properties obtained from 
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the experimental tests were of a similar magnitude to that of manufacturer's data 
for more conventional and widely available epoxy materials [206]. 
Table 11 - Summary ofDLS 1776 epoxy experimental testing results 
Tension Compression In-Plane Shear 
Modulus (GPa) 3.350 7.530 2.075 
Yield Stress (MPa) 25.0 
- -
Ultimate Strength (MPa) 65.0 316.0 32.8 
Failure Strain (0/0) 2.50 4.20 1.70 
Poisson's Ratio - 0.38 
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3.2 Damage modelling 
The mechanical properties for fibres, fibre bundles and DLS 1776 epoxy have 
been determined in section 3.1. The modulus, strength and strain to failure 0 f the 
materials have been calculated and this data will be programmed into a material 
model that can be used for FE analysis of discontinuous composite materials. 
This section will outline the development of a user defined material model 
(UMAT) in FORTRAN that will run in conjunction with input files created for 
ABAQUS/Standard. The fibre and fibre bundle UMAT is detailed in section 
3.2.1, with the epoxy UMAT development discussed in section 3.2.2. A UMAT 
will be generated that can be used for 2D and 3D analysis at the micro, meso and 
macro scale. 
3.2.1 Elastic damage model development - fibre and fibre bundles 
The UMAT for fibres and fibre bundles is simple, as they behave linear elastically 
with a maximum and minimum stress value used to determine if failure has 
occurred in tension, compression or shear respectively. To simulate damage onset 
and progression, it is necessary to evaluate the current stress state at each 
integration point in the m o d e ~ ~ at each increment throughout the analysis. If the 
stress state exceeds the MSC failure threshold (Equation 16 - 2D analysis), in any 
direction, then the stifthess matrix of the fibre or the fibre bundle is degraded. 
Equation 16 
Following failure, the modulus of the fibre or fibre bundle at the integration point 
v ~ ~ '--' ... , " , ~ ~
is reduced to 1 % of the initial value for direct stifihess components (dE) and 20% 
of the initial value for shear components (de), using the method developed by 
Blacketter [57]. The stifthess matrix at the relevant integration point is then 
recalculated as follows (Equation 17), where dE = 0.01 and de = 0.2. (Note: the 
stifihess matrix shown below is for a 2D analysis. Damage models have been 
developed for ID (beam), 2D (shell) and 3D (continuum) elements), with the 
failure criterion used for 3D analysis detailed in Appendix C. 
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1 - v21 -1 Equation 17 
dE Ell dEE22 
0 
[C ] = [5]-1 = - v12 1 -- 0 
dE Ell dEEz2 
1 
0 0 dCG12 
An algorithm has been implemented to ensure that only one knockdown is applied 
to each element if failure is experienced, to prevent double knockdowns leading to 
FE instabilities. A user-defined state variable within a user defined field 
(USDFLD) is updated after each increment in the UMAT, to allow the user to 
monitor whether an element is undamaged or damaged in ABAQUS. The state 
variable sets undamaged elements to a value of zero (blue), with damaged 
elements set to a value of 100 (red). The stress-strain curves for a fibre and fibre 
bundle in tension are shown in Figure 57, with the colour coding on the graph 
corresponding to the state of the element - undamaged or damaged. The damage 
models have been validated using periodic unit cells that are subjected to tensile, 
compressive and shear loading using boundary conditions according to [150, 151]. 
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Figure 57 - Stress-strain curves for a unit cell subjected to pure tensile loading in 
the 1 direction - along the length of the fibre or fibre bundle. 
(Note: Fibre length is assumed to be less than 1 mm for the filament in this study, 
with tensile failure strength of 4.00GPa. The bundle, containing fibre and matrix 
material, has a fibre volume fraction of 60%, with tensile failure strength of 
, see Table 6). 
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3.2.2 Elastic-plastic damage model development - epoxy matrix 
The direction of loading on each element is computed in the UMAT at the end of 
the first increment in the analysis. This determines the loading condition for each 
element and from this the UMAT assigns a yield stress, hardening parameter and 
failure strain, as required, based on whether dominant stress in the element is in 
tension, compression or shear. A flow chart detailing this is shown in Figure 58. 
The epoxy properties used for FE analysis are detailed in section 3.1.3.5. 
Following the assignment of the mechanical properties the UMAT then continues 
to evaluate the stress state at each integration point, at each increment throughout 
the analysis. 
Resin UMAT called 
----I Assiln the followl"lto the 
e l e ~ n t t (as needed): 
• H a r d e n i " l P . r . ~ t e r r
• Yield Stress 
• Failure Strain 
UMAT proceeds 
Figure 58 - Flow chart for element property assignment in the matrix UMAT. 
The matrix uses a more advanced UMAT than the fibres, which allows the 
introduction of plasticity into the user-defined material- necessary when the resin 
is loaded in tension. There are three possible scenarios for the resin: 1) 
undamaged, 2) plastic (post elastic limit) and 3) damaged (final failure), as shown 
in Figure 59. If no damage is present and the material is still linear elastic, then 
the stiffuess matrix is calculated using the initial elastic constants (condition 1). 
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3) Damaged 
Stra in based fa il ure 
cr iterion applies 
maximum 
d e ~ r a d a a i o n n factor 
Ca lcuhrte the current stress increment 
Return 
Figure 59 - Flow chart for the elastic-plastic matrix UMAT. 
I f the onset of damage is detected under tensile loading (cry exceeded), but final 
failure is not met (condition 2), degradation factors are calculated to reduce the 
terms in the stiffuess matrix - the element enters the plastic region. The rate at 
which the stiffuess is degraded is governed by a damage parameter (d) and a 
shape parameter, n (where 11> 1) - both of which were calculated by perfonning a 
regression analysis which is described later in section 3.2.3. The damage 
parameter is used to calculate the degradation factor (D) as follows : 
where: 
aMises 
at matrix = 
( aMises l)n D = 1 _ atmatrix Equation 18 
d 
von Mises stress in the element under consideration (MPa) 
tensile yield stress of the matrix material (MPa) 
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D is limited to a lower bound value of 1 % for direct stiffuess components (dd, 
using the same methodology as the fibre and fibre bundle UMAT in section 3.2.1. 
dE = max CD,O.Ol) Equation 19 
The stiffuess matrix at the relevant integration point is then recalculated for the 
isotropic matrix material using Equation 1. Final failure is triggered (condition 3) 
when the strain of the element exceeds the failure strain in tension, compression 
or shear - depending on the loading condition/direction. The stiffuess matrix is 
then reduced by the maximum degradation factor. 
Throughout the FE analysis a user-defined state variable is updated after each 
increment in the UMAT to allow damage initiation and progression to be 
monitored visually in ABAQUS/Standard. Undamaged elements are set to 0 
(blue), plastic elements set to 50 (green) with damaged elements set to 100 (red). 
The matrix damage model has been validated using a periodic unit ce ll that is 
subjected to tensile, compressive and shear loading, with the stress- train curves 
plotted in Figure 60. 
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Figure 60 - Stress/strain response of the periodic unit cell loaded in tension, 
compressIOn and shear (Note: blue - undamaged, green - plastic and red -
damaged). 
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3.2.3 Numerical and experimental comparison 
A regression analysis was performed using NLREG v6.3 to calculate the rate of 
decay after the yield stress when the matrix was loaded in tension. The analysis 
determined that the damage parameter, d, and the shape parameter, n, were 10 and 
I respectively for the tensile load case - which applied a linear reduction in 
stiffness beyond the yield point. FE analysis was performed on a periodic unit cell 
loaded in tension to check the accuracy of the regression, with 99.79% agreement 
between the elastic-plastic numerical model and the experimental results, shown 
in Figure 61. For the compression and shear load cases, the elements are assumed 
to behave in a linear-elastic manner up until the point of failure (Figure 60), 
therefore no regression analysis was required for these load cases. 
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Figure 61 - Stress/strain response of tensile tests on neat resin sample compared to 
the response of a periodic unit cell in tension (Note: The FE elastic line is plotted 
merely to highlight the deficiencies in using a linear model for this loading 
scenario). 
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3.3 Microscale modelling 
3.3.1 Single fibre micro mechanical analysis - interfacial debonding 
3.3.1.1 Geometric model and boundary conditions 
A single cylindrical short fibre embedded in an epoxy matrix region, in iso lation 
from other fibres, has been considered in thi s analysis, with the fibre considered to 
be a fragment in a single fibre fragmentation test. By modelling a single fibre 
composite, it is possible to determine the influence of interfacial strength and 
fracture toughness on the rate of debonding in the unit cell. The single-fibre 
composite model makes use of the axial symmetry of the system, which is 
possible as the interfacial layer undergoes pure mode II loading [69], in order to 
save computation time, shown in Figure 62. In addition to this, half of the fibre 
length is modelled which allows a finer mesh to be used and enables the 
debonding length to be monitored more accurately as the applied tensile strain is 
increased. 
20r 
E --==== 
I 
I 
B 
2Sr 
Figure 62 - Diagram to show the axial symmetry exploited in the single-fibre 
model. (Note: Diagram is not to sca le). 
The boundary conditions imposed on the model are shown in Figure 62. Edge AS 
is constrained to prevent movement in the y-direction (Uy = 0), part of the plane of 
symmetry. Edge AC, the fibre centreline, is constrained in the x-direction (U x = 0) 
to impose the axisymmetric boundary conditions. Edge BO is a free edge in the 
model. A uniform tensile strain of3% is applied to the unit cell along edge CD. 
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The radius of the fibre, r, is 1 unit in this analysis, with the radius of the matrix 
material (distance AB) 20 times the fibre radius (20r) to ensure the fibre is in 
isolation so that volume fraction effects are removed from the analysis. The half-
length ofthe fibre modelled (distance AE) is equal to 25r, which would provide a 
fibre length of 50r if the full length of the fibre was considered in the analysis. 
The length of the composite (distance AC) is twice the length of the half-length of 
the fibre, which also equates to 50r for this analysis. A layer of cohesive elements, 
1 % of the thickness of the fibre radius, have been used to fully encase the fibre to 
model the interface and allow debonding between the materials. 
(Note: Models have also been produced without the interfacial cohesive elements 
to benchmark the results, with comparisons also made to shear lag predictions 
from the Cox model). 
3.3.1.2 Cohesive parameters for FE models 
Cohesive elements governed by an uncoupled bi-linear traction-separation law are 
used to model the interface between the fibre and matrix. A penalty stiffness, K, 
value of 106 N/mro3 is used for the traction-separation law for the cohesive 
elements. The maximum stress criterion is used to initiate failure, with to set to 
20MPa to allow comparisons to be made to the debonded lengths obtained by Pan 
[69] for a single glass fibre composite. The shear stress value of 20MPa is also 
comparable to the values obtained in the literature for carbon/epoxy ISS [47, 87-
93]. The fracture toughness, Gc, of the cohesive elements was set to 220 J/m2 
based on the experimental tests conducted by Kim and Nairn [94]. 
A study has also been conducted to look at the influence of interfacial fracture 
toughness on the debonded length in the single fibre composite. Fracture 
toughness values of 100 J/m2, 220 J/m2, 500 J/m2 and 1000 J/m2 are considered, 
with the shear stress kept constant at 20MPa in this analysis. The effect of 
increasing the interfacial shear strength has not been investigated in this analysis, 
as Pan [69] concluded that the applied strain required to initiate damage in the 
interface is linearly proportional to the interfacial strength, with damage initiating 
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at 0.07%, 0.14% and 0.27% applied strain for an interfacial shear strength va lues 
of20MPa, 40MPa and 80MPa, respectively. 
Note: For this analysis the possibility of fibre and matrix failure has been 
eliminated to allow the failure in the cohesive elements at the interface between 
the fibre and matrix to be monitored independently. For the elastic-plastic matrix 
material, the matrix is considered to behave in an Elastic Perfectly Plastic (EPP) 
manner in this study, with the stress-strain curve used to define the matrix 
behaviour shown in Figure 63. A von Mises criterion is used to predict the point 
of yield for the matrix material. 
a 
6 S M P P + + ~ - - - - - - - - - - - -
3.3SGPa 
E 
Figure 63 - Elastic Perfectly Plastic (EPP) relationship for epoxy in debonding 
study. 
3.3.1.3 Mesh properties 
ABAQUS/CAE has been used to model the single fibre composite model. The 
models contain approximately 40,000 elements; - 2,000 cohesive elements in the 
interphase, -5,000 in the fibre and - 33,000 in the matrix regions. The fine mesh 
allows close monitoring of the debonding progression in the cohesive elements 
along the length of the interface. The elements used for the fibre and matrix 
materials are four node axisymmetric elements, CAX4, with four node 
axisymmetric cohesive elements, COHAX4, used for the interface elements. 
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3.3.2 Fibre ineffective length 
Finite element studies have been performed to determine the fibre ineffective 
length and stress concentration factors (SCFs) around the site of a fibre break in a 
unidirectional composite material. The effect of varying the modulus of the fibre, 
matrix and interface is investigated by performing a full factorial study, detailed 
in section 3.3 .2.2. 
3.3.2.1 Finite element modelling procedure 
Three-dimensional finite element models have been generated with two fibres 
embedded in an epoxy matrix material and a third material is used to model the 
interfacial region between fibre and matrix. Symmetry has been exploited in the 
model, with half of the fibres modelled (shown in Figure 64) to allow a finer mesh 
to be used for the unit cell. 
z 
t(y 
x 
Figure 64 - Fibre ineffective length model used for analysis (Note: the fractured 
fibre is not continuous across the model, matrix material covers the end at surface 
ABCD). 
The inter-fibre distance is kept constant throughout the analysis, with the fibres 
one fibre diameter ( 7 ~ m ) ) apart from each other. The interface .thickness was set to 
O . 5 ~ m m to complement the study in section 4.1 .3 determining the mechanical 
properties of fibre bundles. A half-fibre length of250llm has been selected for the 
analysis, to allow the variation in the fibre ineffective length to be monitored as 
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the modulus of the constituents is varied. The volume fraction of the unit cell is 
kept constant throughout the analysis to provide consistency in the obtained 
results. 
The following boundary conditions for the model use the labels that are 
designated in Figure 64. To maintain the symmetry of the model, surface BCFG is 
constrained in the z-direction (Uz = 0). Surface ABCD is constrained to prevent 
movement in the y-direction (Uy = 0), with urface CDGH constrained in the x-
direction (Ux = 0). A tensile displacement is applied to the unit cell along surface 
EFGH, with 2% strain applied to the model in the y-direction away from the fibre 
break. 
The models contain 83,250 elements; 6,488 in the interphase, 14,970 in the fibre 
and 61,792 in the epoxy. The fine mesh allows close monitoring of damage 
progression within the model, with the end view of the mesh (surface EFGH) 
shown in Figure 65. ABAQUS/Standard was used to model the problem and the 
elements used in the analysis are C3D8R - reduced integration 8-node linear brick 
continuum elements. 
Fibre 
Matrix Interface 
Figure 65 - Sample meshing view of fibre ineffective length model (end view) 
3.3.2.2 Full factorial design 
The aim of this study was to predict the change in the ineffective length of a 
broken fibre and the SCF in the unbroken fibre when the tiffuess of the materials 
(fibre, matrix and interface) was varied in a two fibre composite model, shown in 
Figure 64. The central values used for the mechanical properties of the carbon 
fibre and matrix materials are detailed in section 3.3.4. For this study, the central 
value for the interface stiffuess is set to the same value as the matrix stiffuess. 
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The full factorial study is detailed in Table 12, with the low and high values 
corresponding to ±20% of the central values for the moduli detailed in section 
3.3.4. Minitab vl6 ® was used to derive and analyse the full factorial array by 
performing a general linear analysis of variance (ANOVA). The importance of the 
three input variables (fibre, matrix and interface stiffness) were evaluated by 
comparing the response variable means of two outputs at the different factor 
levels: 
Fibre ineffective length of the broken fibre. 
Stress concentration factor (SCF) in the unbroken fibre. 
Table 12 - Full factorial array generated for fibre ineffective length study 
Fibre Diameter Interface Thickness Fibre Matrix Interface 
(pm) (pm) Stiffness Stiffness Stiffness 
7.0 0.50 High (+20%) High (+20%) High (+20%) 
7.0 0.50 Low (-20%) Low (-20%) High (+20%) 
7.0 0.50 Mid High (+20%) Mid 
7.0 0.50 Mid Mid Mid 
7.0 0.50 Low (-20%) High (+20%) Low (-20%) 
7.0 0.50 Low (-20%) Mid High (+20010) 
7.0 0.50 Mid Low (-20%) Low (-20%) 
7.0 0.50 High (+20%) High (+20%) Low (-20%) 
7.0 0.50 High (+20010) Low (-20%) Mid 
7.0 0.50 Low (-20%) High (+20010) Mid 
7.0 0.50 Mid High (+20%) High (+20010) 
7.0 0.50 High (+200/0) Low (-20%) High (+20%) 
7.0 0.50 Low (-20%) Low (-20%) Low (-20%) 
7.0 0.50 High (+20%) Low (-20%) Low (-20%) 
7.0 0.50 Mid Mid Low (-20%) 
7.0 0.50 Mid Mid High (+20010) 
7.0 0.50 Low (-20%) Mid Low (-20%) 
7.0 0.50 Mid Low (-20%) Mid 
7.0 0.50 High (+20%) High (+20%) Mid 
7.0 0.50 Low (-20%) High (+20%) High (+20%) 
7.0 0.50 High (+20%) Mid Low (-20%) 
7.0 0.50 Low (-20%) Mid Mid 
7.0 0.50 Mid High(+20%) Low (-20%) 
7.0 0.50 Low (-20%) . Low (-20%) Mid 
7.0 0.50 High (+20%) Mid High (+20%) 
7.0 0.50 Mid Low (-20%) High (+20%) 
7.0 0.50 High (+20%) Mid Mid 
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3.3.3 Fibre bundle model 
In discontinuous composites, fibre bundles can be subjected to a complex array of 
loading mechanisms due to their random placement in the material. It is therefore 
important to calculate the modulus and strength of the fibre bundles in the 
longitudinal, transverse and shear loading directions, to help improve the accuracy 
of material models at the meso and macro scale. Typically, a fibre bundle is treated 
as a unidirectional composite, allowing for relatively small unit cells to be 
produced which exploit the translational symmetry of the bundle. To account for 
the discontinuity of the fibre bundles, the longitudinal tensile strength of the 
bundles has already been calculated experimentally in section 3.1.2 for a range of 
bundle gauge lengths. 
Three-dimensional periodic unit cells have been generated for finite element 
analysis using the model developed by Lidgett et al [210]. Symmetry has been 
exploited in the model, with one full fibre and four quarter fibres surrounded by 
epoxy matrix. A third material is used to model the interfacial region between 
fibre and matrix, as shown in Figure 66. The fibre diameter (7J..1.m) and interface 
thickness (0.5J..1.m) were kept constant throughout the analysis, with the inter-fibre 
distance altered in each model to vary the fibre volume fraction of the unit cell 
from 10% to 75%. The model depth (z-direction in Figure 66) was constant and 
set to one fibre diameter (7J..1.m); however there is no variation through the depth of 
the model and the thickness of the model could have been set to just one element. 
ABAQUS/Standard has been used to model the problem and the elements used in 
the analysis are C3D8R - reduced integration 8-node linear brick continuum 
elements. 
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y 
z 
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Figure 66 - Periodic unit cell used in micro mechanical analysis to detcnnine fibre 
bundle properties 
Periodic boundary conditions have been imposed on the model, shown in Figure 
66, adhering to the conditions outlined by Li et al [150, 152] for unit cell with 
translational symmetry in the x and y directions. The me h contains 
approximately 23,000 elements for the 56% Vr model , with the number of 
elements increasing or decreasing depending on the bundle volume fraction under 
consideration. The mesh on the opposite boundaries of the unit cell was identical 
to allow the periodicity to be imposed, with the opposing surfaces on the unit cell 
(CDGH-ABEF, ABCD-EFGH and ADEH-BCFG - designated in Figure 66) tied 
with equation constraints to ensure continuity throughout. A uniform global strain 
was incrementally applied to the model for each loading scenario, with the 
modulus, strength and failure strain recorded for each bundle volume fraction 
model. 
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3.3.4 Material properties for microscale modelling 
The carbon fibre is considered to be a transversely isotropic material with linear 
elastic behaviour. The mechanical properties used in this analysis for the carbon 
fibre are as follows; E ll=238GPa, E22=E33= 22.5GPa, \)21='\)31=0.21 and \)23=0.25. 
The Maximum Stress criterion is used defme the onset of failure for the fibre 
elements, with the element stiffuess reduced to 1 % of its initial stiffuess once the 
failure stress has been met. Failure strengths of 4.0GPa (0'1) and 2.0GPa (0'2 and 
(3) were used for the fibre in this analysis. 
The matrix is considered to be an isotropic material, with Young's modulus and 
Poisson's ratio set to Em=3.35GPa and um=O.38, respectively (see Table 11). The 
interface for the fibre bundle study in section 3.3.3 is also considered to be an 
isotropic material, with Young's modulus and Poisson's ratio set to Ej=4GPa and 
uj=0.3, respectively. The interface modulus was set at 20% greater than the 
modulus of the matrix to account for fibre coatings that can be applied to promote 
stress transfer. The matrix and interfacial regions both behave in an elastic-plastic 
manner; with the onset of plasticity defined by a von Mises yield criterion and the 
fmal failure imposed using a maximum strain criterion. For simplicity, the same 
failure strains are used for both the matrix and interface materials, with the values 
used detailed in Table 11. Full details ofthe user material damage model (UMAT) 
used and how degradation is applied can be found in section 3.2. 
3.3.5 Microscale modelling limitations 
The single fibre micromechanical model (section 3.3.1) provides a quantitative 
assessment of varying the interfacial fracture toughness on the debonding length 
in the single-fibre composite model. 
An idealisation of a unidirectional composite has been used to represent a fibre 
bundle in this analysis in section 3.3.3. It has been documented in [110] that the 
fibre distribution can vary greatly across a unidirectional composite material, 
however it is acknowledged that modelling the bundle as an ideal composite is a 
convenient modelling strategy to determine the mechanical properties of the 
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material. The filaments are consistently spaced in the unit cell, with no account 
made for stress concentrations in the unit cell due to contacting fibres. 
The micro scale models do not take into consideration the presence of matrix 
voids, something that would inherently be apparent from the manufacturing of 
such samples experimentally. It is assumed that no fibre defects are present in the 
models, which are inevitable during the handling of the carbon fibres, due to their 
brittle nature. For the models that don't consider interfacial debonding, adhesion 
is assumed to be perfect with the surfaces tied between fibre and matrix. When 
interfacial debonding is implemented, the cohesive elements are tied to the 
surfaces of the fibre and matrix materials. Finally, the residual stresses induced on 
the system are neglected as they are negligible in this analysis when compared to 
the stresses in the unit cell due to loading [140]. 
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3.4 Mesoscale modelling 
3.4.1 Bundle ineffective length 
After a bundle failure has occurred In a composite material, the surrounding 
bundles are responsible for carrying additional load. When calculating the 
strength of composite materials, the redistribution of stress after a fibre bundle 
failure is an important issue. Most studies looking at stress redistribution in 
composites calculate the ineffective length 0 f fractured fibres at the micro sca le, as 
discussed in section 2.3.1. To complement the fibre ineffective length study, thc 
ineffective length of a fractured fibre bundle has been investigated. In 
discontinuous composite materials the cross-section of the bundle can vary across 
the component, therefore predicting the redistribution of stress is more co mplex 
than for fibres with a relatively constant circular cross-section. Finite element 
studies have been performed to determine the influence of bundle aspect ratio on 
the ineffective length of fractured bundles contained in composite materials. 
Three-dimensional finite element models have been generated with two bundles 
embedded in matrix material, with SCFs calculated in the unbroken bundle to 
quantify how efficient the redistribution of stress is once bundle failure ha 
occurred. Symmetry about the BCFG plane has been exploited in the model, with 
half of the bundles modelled, shown in Figure 67, to allow a fine me h to be used 
to allow close monitoring of the stress redistribution in the unit cell. 
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Figure 67 - Bundle ineffective length model. (Note: the fractured bundle is not 
continuous across the model as the matrix covers the end at surface ABCD). 
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The following imposed boundary conditions use the labels that are designated in 
Figure 67. To maintain the symmetry of the model surface BCFG is constrained in 
the z-direction (Uz = 0). Surface ABCD is constrained to prevent movement in the 
y-direction (Uy = 0), with surface COGH constrained in the x-direction (Ux = 0). 
The strain is applied to the unit cell along surface EFGH, with 2% strain applied 
to the model in the y-direction away from the fibre break. 
The inter-bundle distance was kept constant throughout the analysis, with the 
inner edge of the bundles kept 5mm apart from each other for the range of bundle 
shapes. A fibre bundle length of 100mm was selected for the analysis, to allow the 
variation in the bundle ineffective length to be monitored as the cross-section of 
the bundle was varied. The volume fraction of the unit cell (4.40% V r) was kept 
constant throughout the analysis, by maintaining the same bundle cross-sectional 
area of 0.7696mm2, representative of a 12k fibre bundle with a fibre volume 
fraction of 60%. The dimensions for the bundle cross-sections considered in this 
analysis are shown in Table 13. In this study T refers to half the bundle height as 
only half of the bundle is modelled in the analysis due to the exploitation of the 
model symmetry. 
Table 13 - Dimensions of bundle cross-sections used in bundle ineffective length 
study. (Note: Surface EFGH is shown below Table 13 to show the label 
designations used to define the fibre bundle width and height). 
Model Reference A (circular) B C D 
Bundle Width, W (nun) 0.98980 2.00 4.00 8.00 
Half Bundle Height, T (nun) 0.49490 0.24500 0.12250 0.06125 
The models contain approximately 325,000 elements, with around 35,000 in the 
bundles and 290,000 in the matrix. The exact number of elements varies between 
each model. The fine mesh allows close monitoring of damage progression within 
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the model, with ABAQUS/Standard used to run the finite element analysis. The 
elements used in the analysis are C3D8R - reduced integration 8-node linear brick 
continuum elements. 
3.4.2 Bundle interaction 
Due to the heterogeneity of discontinuous materials, an infinite number of 
orientation and separation distance variations can be found between fibre bundles 
across a component. The aim of this section is to capture a finite number of these 
variations at the mesoscale to improve the accuracy of the developed macroscale 
model. A three-dimensional finite element study has been conducted, similar to 
the study in [43] , using two elliptical fibre bundles embedded in matrix material in 
a unit cell. The orientation of the first bundle remains constant, whilst the other 
bundle is incrementally rotated through angle ~ , , shown in Figure 68. Using the 
results from the models, stress concentration factors (SCFs) are calculated in the 
bundles to produce a stiffness reduction scheme that will be adopted at the 
macro scale level at the bundle crossover points. 
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Figure 68 - Model set-up for fibre bundle orientation study. (Note: At <I> = 0° the 
fibre bundles are parallel and at ~ ~ = 90° they are perpendicular) . 
The following dimensions used in the analysis use the label designation in Figure 
68: 
Unit cell width 
Unit cell height 
c = 40.0mm 
t = 3.00mm 
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L = 30.0mm 
d = 0.60mm 
w = 3.50mm (which gives a bundle height of 
0.280mrn for a 12k bundle with 60% V f and area of 
2 0.7696mm ). 
The above values were set to prevent the models from becoming too large, In 
terms of computational memory and the time taken to run the analysis. The 
influence of the separation distance, d, is also investigated later in the analysis. 
C3DlOM elements (IO-node modified tetrahedral) were used and the models 
contain approximately 415,000 elements, with 85,000 in the bundles and 33 0,000 
in the matrix. The mesh plot for the model at <I> = 90° is shown in Figure 69. 
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Figure 69 - Mesh plot for bundle orientation study at <I> = 90°. 
(Note: Labels are assigned to help define the boundary conditions on the models). 
A range of angular orientations have been selected and modelled to cover the full 
range of orientations that could occur between the two fibre bundles. Bundle 1 
remains in the same orientation throughout the analysis, whilst bundle 2 is rotated 
relative to it, at 15° intervals from 0° to 90°, as shown in Figure 69. The unit cell 
was loaded in the x-direction along the length of principal axis of bundle 1, with a 
strain of2% applied to all models, for each load case, over 100 increments. 
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The following boundary conditions have been imposed on the model (see Figure 
69 for the label designation): 
Surface - ABEF 
Surface - EFGH 
Surface - CnGH 
x-displacement of surface = 0 
z-displacement of surface = 0 
2% strain applied in x-direction 
The axial stress along the centre of each bundle was monitored at all orientations 
in order to calculate SCFs induced due to the rotation of bundle 2. To determine 
the impact of the SCFs on the mechanical properties of the unit cell, a 
superposition study has been performed to benchmark the results. Models 
containing only one fibre bundle have been produced at all the angular 
orientations. The contribution of the fibre bundle on the modulus on the unit cell 
has been calculated at each orientation. For example, for the 0°/45° scenario two 
models were produced, one with a bundle oriented at 0° to the loading direction 
and another model with a bundle at 45° to the loading direction. The modulus 
contribution of the bundle to each model was then calculated, with the 
contributions summated to give a predicted modulus for the unit cell. This was 
then compared directly to the model containing two fibre bundles, oriented at 
0°/45°, to quantify the influence of the SCF in the matrix between the bundles 
when determining the modulus of the unit cell. 
A further study has also been conducted at this scale, with the distance between 
the bundles varied to determine how the separation of the two bundles impacted 
the SCFs observed in the matrix material. Five separation distances (d, see Figure 
68) were modelled in the analysis, with separations of 0.20, 0.60, 1.20, 1.70 and 
2.2Omm considered in this study for the full range of in-plane orientations from 0° 
to 90°. 
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3.4.3 Mesoscale material properties 
The bundle is assumed to have linear-elastic behaviour, whereas the matrix 
behaves in an elastic-plastic manner, with final failure imposed using a strain 
based criterion. A fibre bundle volume fraction of 60% has been assumed for this 
analysis, with the mechanical properties used taken from the micro scale analysis 
of the fibre bundle unit cell - section 4.1.3. The matrix is considered to be an 
isotropic material, with Young's modulus and Poisson's ratio set to Em=3.35GPa 
and '\)m=O.38, respectively. Full details of the material damage models used and 
how degradation is applied can be found in section 3.2. 
3.4.4 Mesoscale modelling limitations 
The cross-section of the fibre bundles are assumed to be uniform along their 
length, with no fibre or matrix defects present in the determination 0 f the fibre 
bundle properties. Interfacial adhesion between the bundles and matrix is perfect 
in all the models, with surface to surface contact used between the two 
constituents to ensure they remain in contact with one another in the analysis. In 
addition to this, for simplicity, the bundles are assumed to be straight, with no 
bundle curvature present. This allows the influence of bundle shape, orientation 
and separation distance to be assessed independently when determining the bundle 
ineffective length and SCFs in the fibre bundles. 
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3.5 Macroscale modelling 
3.5.1 Generation of fibre bundle architecture 
3.5.1.1 Fibre bundle deposition 
The fibre bundle architecture used for this model is taken from the model 
developed in [27], where planar 2D bundle architectures have been generated 
using a modified random sequential adsorption (RSA) scheme. Fibre bundles, 
represented as ID beam elements, are deposited over a region of interest (ROJ), 
indicated by the outer square in Figure 44. Random numbers within upper and 
lower bounds are generated for the x and y coordinates (XMid, Y Mid) of the centre 
of mass for each fibre bundle, with a third random number used to generate a 
bundle orientation (8) about the centre of mass (ranging from -rr./2 to rr./2), shown 
in Figure 70. This orientation value can be completely random or can be returned 
from a statistical distribution depending on the level of fibre alignment specified 
by the user. It is assumed that the fibre bundles remain straight when deposited, 
with bundle intersections ignored when generating the fibre bundle architectures; 
therefore no limitation is imposed on the fibre volume fraction ofthe unit cell. 
Figure 70 - Orientation (8) and mid-point (XMid, Y Mid) of the deposited fibre 
bundles. 
A Cohen-Sutherland [211] line clipping algorithm is used to trim the fibre bundles 
to the modeVRVE boundary (Figure 44), depending on the imposed boundary 
conditions - discussed later in section 3.5.5. This ensures that both bridging and 
ending fibre bundles are captured within the model according to the specified 
fibre bundle length [184]. The cropping of the fibre bundles occurs as each bundle 
is sequentially deposited in the ROJ, to ensure that the target fibre volume fraction 
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is exactly as specified within the modellRVE boundary (shown in Figure 44). A 
cumulative total of the bundle length within the modellRVE boundary is used to 
establish if the volume fraction requirements have been met, with the exact fibre 
volume fraction of the unit cell returned to the user in the developed program. 
The beam elements used to represent the fibre bundles are assumed to have a 
circular cross-section, where the diameter is assigned as a function of the filament 
count and bundle volume fraction (Vbundle). Bundle diameters can also be 
randomly assigned using a probability density function to reflect the level of 
filamentisation in the mesostructure of the material [169]. The mechanical 
properties of the bundles are taken from the micro scale analysis and the internal 
bundle structure contains matrix material, therefore the volume fraction of the 
deposited bundles (Vdeposited) is adjusted to ensure the target volume fraction (Vr) 
is met in the modeVR VE boundary: 
V, 
Vaeposited = -....:...--
Vbundle 
Equation 20 
One disadvantage of the deposition method used to generate the bundle 
architecture is that it doesn't fully capture the levels of material heterogeneity and 
local fibre volume fraction variations across a manufactured discontinuous 
composite [184]. In addition to this, depositing all the fibre bundles in a 2D 
distribution limits the level ofphysical detail that can be modelled, with no matrix 
material present between the fibre bundles through the thickness of the unit cell. 
Analysis was completed at the mesoscale looking at the interaction between two 
fibre bundles in a 3D unit cell. The separation distance and angular orientation 
between intersecting bundles was shown to be critical when determining the stress 
in the bundles, with the results from this study presented in section 4.2.2. Stress 
concentrations were found in the bundles at the intersection points, with the 
mechanical properties of the fibre bundles modified in the model to account for 
these SCFs. The full implementation of this is outlined later in section 3.5.4. 
It is acknowledged that the 2D bundle architecture is not fully representative of a 
discontinuous composite material, such as the bundle architectures generated in 
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[43, 166], but the use of the beam elements allows high volume fraction models to 
be produced that are computationally inexpensive. It was deemed more important 
to capture the stochastic fibre distribution in the discontinuous composite, based 
on the level of variation in material properties experienced experimentally [17, 21, 
44, 46], rather than generate a complex 3D bundle network that would produce 
models requiring high computational memory and run time. 
3.5.1.2 Bundle intersections 
Once the fibre bundles have been deposited and the volume fraction requirements 
have been met in the modellR VE boundary, the program finds the intersection 
points between the bundles. The intersections between the bundles are required 
for two reasons. Firstly, they are needed to allow nodes to be generated along the 
lengths of the bundles to create the fibre elements, with the intersection points 
discretising the bundles into sub-sections. For example, if a bundle is intersected 
by two other bundles, there will be three segments along the length of the 
intersected bundle, shown in Figure 71. Secondly, the intersection points are also 
required to allow the SCFs determined in the mesoscale analysis to be 
implemented into the model, discussed in section 3.5.4. At the point of bundle 
intersection the angular orientation (<I» between the bundles is stored, shown in 
Figure 72. 
Bundle 
(XA, Y A) 
Figure 71 - Schematic ofa fibre bundle discretised into segments due to 
intersections. 
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P2 (XB, Y B) 
Bundle 2 
Bundle I 
Figure 72 - Schematic of a generic bundle intersection in the macro scale model. 
The intersection points between the fibre bundles are calculated by determining if 
the centrelines of the bundles intersect in the ROJ. As the bundles are deposited 
into the unit cell, they are assigned a sequential deposition number which provides 
the bundles with a unique identifier. Each bundle is then considered in tum to 
calculate if any other bundles in the model have intersected it. The following 
procedure is performed and repeated for each bundle in the model/RYE boundary, 
with the methodology used detailed in [212]. The equations for the centrelines of 
bundle 1 (Pa ) and bundle 2 (Pb ) are as follows: 
Pa = Pi + ua (P2 - P1 ) 
Pb = P3 + Ub (P4 - P3) 
Equation 2 1 
Equation 22 
The end coordinates of bundle 1, PI (XA' Y A) and P2 (XB' Y B), and the end 
coordinates of bundle 2, P3 (Xc, Y c) and P 4 (Xo, Yo), are then substituted into the 
above equations, which are then solved for the case where Pa = Pb , with the 
following two expressions obtained: 
XA + U a (XB - XA) = Xc + Ub (xo - xc) 
YA + Ua (YB - YA) = Yc + Ub (Yo - Yc) 
Equation 23 
Equation 24 
The above expressions are then rearranged and solved in terms ofua and Ub: 
(Xo - XC)(YA - Yc) - (Yo - YC)(XA - xc) 
(Yo - YC)(XB - XA) - (xo - XC)(YB - YA) 
(XB - XA)(YA - Yc) - (YB - YA)(XA - xc) 
Ub = (Yo - yc)(xB - XA) - (xo - XC)(YB - YA) 
Equation 25 
Equation 26 
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Using the equations for ua and Ub it can be determined if the centrelines of the 
fibre bundles intersect. If the denominator for equations ua and Ub is 0 then the 
two lines are parallel, and if the denominator and numerator for ua and Ub are 0 
then the two lines are coincident. If the two centrelines are not parallel or 
coincident, then the values of both ua and Ub must lie between 0 and 1 if the two 
bundles intersect. The following equations are obtained if an intersection is found: 
XI = Xl + U a (X8 -XA) 
YI = Yl + U a (Y8 - YA) 
Equation 27 
Equation 28 
The intersection point (XI, VI) is then stored in an array, with the in-plane 
orientation angle (<I» between bundle 1 and bundle 2 also stored to calculate SCFs 
at the crossover point. The nodes at the crossover point between the intersecting 
bundles are then tied together, with a connector element, which releases once a 
failure stress is met. The implementation of this is discussed in section 3.5.3. 
Multiple intersections are expected along the length of each bundle, as shown in 
Figure 72, with the intersections stored in ascending order, in terms of the x-
coordinates, from left to right across the width the model/RYE boundary. 
3.5.1.3 Generation a/fibre bundle elements 
Once all of the intersection points have been found along the length of the 
bundles, the bundles are split into segments (Figure 72). Elements then need to be 
generated for the bundle, which requires nodes to be created along the lengths of 
the bundle segments. The segment length is initially calculated using the 
coordinates of the bundle end points and intersection points. For example, for 
segment 1 in Figure 73 the length of the bundle segment is calculated as follows: 
Equation 29 
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Figure 73 - Schematic showing generated nodes along the length of the fibre 
bundle. 
Using the calculated bundle segment length, the number of nodes along the length 
of the segment is then determined. The user specifies a global e lement seed size 
for the model in the program, with this used to determine the number of nodes 
along the length of the segment, shown below: 
[ (
Bundle Segment Length)] 
Bundle Node Count = 2 * Int Global Element Size + 1 
Equation 30 
Note: Each I D beam element requires 3 nodes (822 in ABAQUS/Standard) , with 
the above calculating the integer value of the number of nodes required . If the 
bundle segment length is less than the initial global element size, the segment is 
treated as one element with a mid-node inserted to complete the element. 
Using the number of nodes required along the segment, a revised element size is 
calculated: 
. Bundle Segement Length 
New Element Slze = (B dl N del) un e 0 e ount-
Equation 31 
Note: The -1 is present above as the element size calculated is the distance 
between the nodes. For example, if 5 nodes are to be placed along the length of a 
segment, 4 fibre spacing's are required between the 5 nodes. 
The fibre bundle nodes are then distributed evenly along the length of the segment 
using the new element size. This process is repeated for every bundle segment 
contained in the model/RYE boundary. The coordinates of the fibre bundle nodes 
are also stored in an array, as matrix nodes will need to be created in the same 
location to allow the bundles and matrix to be tied together with connector 
elements to allow debonding of the two materials in the analysis. 
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3.5.2 Delaunay meshing algorithm 
3.5.2.1 Background and overview 
After generating the discontinuous fibre bundle architecture and creating nodes 
for the bundle elements, the next step is to generate a mesh in the matrix region 
across the modellRVE boundary to allow finite element (FE) models to be 
produced. To allow the bundles and matrix to separate in the analysis, an 
unstructured mesh is required across the unit cell. As the nodes for the fibre 
bundle elements are spaced sporadically across the model boundary (Figure 74) a 
meshing algorithm needs to be implemented that can encapsulate these nodes, 
with the introduction of additional nodes to keep a consistent element size across 
the model. A custom meshing algorithm is therefore required to produce FE input 
files (.inp) ready to submit to ABAQUS/Standard, with no intermediate steps, for 
analysis with the developed user material models. 
The fibre bundle architectures produced by the model are umque for each 
combination of bundle length, volume fraction, cell size, etc., with the bundles 
orientated at random to each other across the modeVRVE boundary. Due to the 
complexity of the bundle distribution, especially at high fibre volume fractions, it 
was deemed appropriate to use triangular elements to generate the mesh for the 
models in this analysis. Free-meshing techniques often use triangular elements to 
model complex geometries, such as in the work by Pan et al [2], with meshes of 
greater quality typically produced over their quad equivalents. In addition to this, 
at the point of the bundle intersections in the model, the use of triangular elements 
allows for the quality of the mesh to be maintained. As the angle (0) between the 
bundles decreases/increases beyond the point shown in Figure 75, the use of quad 
elements would lead to poor quality elements being produced at the point of 
intersection in the model. 
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Figure 74 - Typical fibre bundle node plot produced from the model for a bundle 
length of 10mm in a 20x20mm unit cell at approximately 30% V f. 
Bundle 2 
Figure 75 - Schematic of triangular elements produced at the bundle intersection 
point. 
After establishing that triangular elements were to be used in the analysis, a 
suitable meshing algorithm was required for the model. A common triangulation 
procedure used to mesh an unstructured region of points is the Delaunay 
algorithm [213-215]. A Delaunay triangulation algorithm [216, 217] has been 
selected as it maximises the minimum angle among all possible triangulations of a 
particular node set. Therefore, to produce a high quality 20 unstructured mesh, 
Delaunay algorithms are often used as they provide good element quality across 
the region of interest (ROI). The coding for Oelaunay meshing algorithms are 
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widely available in many programmmg languages, including Microsoft Visual 
Basic®, allowing for easy integration into the developed macroscale model. 
3.5.2.2 Characteristics of the Delaunay meshing algorithm 
A 2D Delaunay triangulation (D), of a set vertices (V) is a set of triangles (1) 
whose vertices collectively are V, where the interiors of the triangles do not 
intersect each other [216, 218]. Figure 76 shows two possible triangulations for an 
arbitrary set of nodes A to E. These triangulations are both valid, but only one of 
them satisfies the Delaunay criteria. 
In circle ABE 
D 
E 
De1auoay Triangulation Noo-Delauoay Triangulation 
Figure 76 - Triangulations, with prescribed circumcircles, shown for a random set 
of points A to E [218]. 
If A and B are two vertices then a circumcircle of the edge AB is any circle that 
passes through A and B. The edge AB satisfies the Delaunay triangulation criteria 
if the circle passing through vertices A and B contains no other vertices - e.g. the 
circumcircle of AB is empty. A Delaunay triangulation is shown on the left of 
Figure 76, with this triangulation instantly recognisable as Delaunay as all the 
circumcircles are empty. The triangulation on the right in Figure 76 does not 
satisfy the Delaunay criteria as node C lies in the circumcircle prescribed by 
nodes ABE. All triangles in a Delaunay triangulation have empty circumcircles -
no nodes lie in the interior of any triangle's circumcircle. 
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A constrained Delaunay triangulation (CDT) is a generalization of the Delaunay 
algorithm that includes all the required nodes in a triangulation. All the 
coordinates of the nodes are specified initially, with all of the nodes included in 
the triangulation procedure. The generation of the matrix nodes in the developed 
program, outlined in section 3.5.2.3, makes a CDT an ideal candidate to mesh the 
model boundary as the coordinates of the nodes are determined before 
triangulation. However, as a Delaunay triangulation is almost always unique, a 
CDT may contain elements that do not satisfy the Delaunay condition. 
To ensure good quality meshes are produced from the CDT, refinement 
algorithms have been developed. Delaunay refinement algorithms operate by 
inserting nodes until the mesh meets a required set of constraints, usually dictated 
by the minimum interior angle in the triangulations. Inserting a node is a local 
operation, which makes the refinements computationally inexpensive as the mesh 
will only be refined around the region which contains the poor quality 
triangulation. When refining a Delaunay triangulation, it is difficult to know 
exactly where to place the new node. It is desirable that the new node should be 
placed as far away as possible from the other nodes in a model, to prevent small 
edges being created that could produce thin triangles. Two common Delaunay 
refinement algorithms are detailed below. 
Chew's refinement algorithm [219] begins with a CDT of the input nodes, before 
the quality of the triangles produced are assessed. If a poor quality triangle is 
detected, an interior angle less than 28.6°, a node is inserted at the circumcentre of 
that triangle, unless the circumcentre lies on the opposite side of an input segment 
as the poor quality triangle, in which case the midpoint of the segment is inserted. 
This process is repeated until no poor-quality triangles exist across the model 
boundary. 
Another commonly used Delaunay refinement algorithm is Ruppert's algorithm 
[220]. Once again a CDT is completed using the input nodes across the model 
boundary, with poor quality triangles having interior angles of less than 20.7° 
identified for refinement. The midpoint of a segment with a non-empty 
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circumcircle is inserted, along with the circumcentre of the poor quality triangle. 
This process is also repeated until the triangulation across the model is deemed to 
be acceptable. 
Both Ruppert's and Chew's algorithms improve the quality of the initial eDT by 
inserting additional nodes across the model boundary, with both methods adopting 
a different strategy when selecting the location of the additional nodes. It is clear 
that the distribution of the nodes in the model boundary directly influences the 
quality of the initial mesh obtained from the CDT. The methodology used to 
select the placement ofthe matrix nodes in the model is detailed in section 3.5.2.3, 
with refmement techniques implemented across the model boundary before the 
initial CDT is completed to improve the quality of the obtained mesh. 
3.5.2.3 Matrix node generation 
To produce a mesh across the modeVRVE boundary, a cloud of points was 
generated before performing a constrained Delaunay triangulation (COT). The 
coordinates of the fibre bundle nodes must be included in the node set to produce 
the matrix elements, to allow the matrix to be meshed around the bundles. A 
coarse grid, referred to as the base level grid, was produced to discretise the model 
using the global element seed size specified by the user. This is used to calculate 
the spacing between the nodes in the x and y directions, with a sample grid shown 
in Figure 77. Nodes have been produced around the perimeter of the model 
boundary, with a potential node, P (Xp, Yp), highlighted in the bottom left of 
Figure 77. 
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Figure 77 - Schematic showing grid spacing and potential matrix nodes across a 
model boundary. (Note: The red nodes are nodes with the same coordinates as the 
fibre bundles, with the blue nodes potential new nodes added into the model). 
F or each potential node, P (Xp, y p) a check is done to ensure that the new I y 
inserted node does not lie too close to an existing node in the model- which could 
result in a poor quality element after the CDT. A minimum separation distance 
between the nodes in the model is defined as follows: 
Minimum Node Separation < 
Global Element Size 
2 
Equation 32 
Using this minimum separation distance, the coordinates of each potential new 
node P (Xp, y p) are checked against the coordinates of each node already present 
in the model. If the coordinates of the new node satisfy the minimum node 
separation criterion, then that node is added to the cloud of points ready for 
triangulation. 
To further improve the quality of the CDT, adaptive mesh refinement (AMR) 
techniques have been adopted when producing the cloud of point across the model 
boundary. The model is scanned for areas of potential interest, in this case along 
the lengths of the fibre bundles and at the points of bundle intersection, with these 
regions then " tagged". All the tagged regions are then further refined, with a fmer 
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grid overlaid over the base level grid. The new element size for the regions 
identified for refinement is defined as follows: 
Global Element Size 
Refinement Element Size < 2 Equation 33 
The refinement along the length of the fibre bundles, in the tagged regions, is 
limited to ± 2 global element sizes either side of the bundle. This method provides 
local refmement for the model, with an increased number of elements at the 
bundle-matrix interface where debonding occurs. To reduce the number of poor 
quality elements formed in the CDT in the refinement regions, a new minimum 
node separation is calculated: 
Refinement Element Size 
Refinement Node Separation < 2 Equation 34 
Without the mesh refinement, the grid used to generate the cloud of points would 
have to be fine over the whole model to provide a good quality triangulation. This 
would be computationally expensive, resulting in a large number of nodes being 
produced for the triangulation procedure. The time taken to perform a Delaunay 
triangulation for a given number of points rises exponentially; therefore it is 
beneficial to keep the number of nodes to a minimum whilst maintaining a good 
quality mesh. In addition to this, the mesh does not need to be that fine for the 
majority of the model, especially in the regions that contain matrix material and 
no fibre bundles. A typical cloud of points generated for triangulation is shown in 
Figure 78, with the nodes for the coordinates of the fibre bundles in blue and the 
nodes generated for the matrix region, after refinement along the length of the 
bundles and at the bundle intersections, shown in green. 
A number of criteria must be satisfied when producing the cloud of points in order 
to satisfy to the boundary conditions imposed on the model (section 3.5.5). For 
periodic boundary conditions, an equal number of nodes must be present on 
opposite boundaries and dummy nodes are also created to apply strain to the 
models in the x, y and xy directions. For tensile boundary conditions, a dummy 
node is generated and tied to the right edge of the model to apply the prescribed 
strain to the unit cell. 
124 
o 
N 
• •• • • • • • •• ~ - IC .. . . . . .. ... . 
. : : ~ . . . . . .-::: .... ... -
: .. .. : ... .. . 
..... .... . 
;'.: -: .. :: ::. ~ . . . f.: . 
....... .. .. .. . ... . . 11,,_ • .,.11-. · •• ~ . . . .. •• " ... . . 
" ••••• • .". .. . II • • •• 
• ,UI "- ••• " • •• we ll_ • 
a •• IC.":.-:' .:::'-:".: ... : . 
....... . ....... ... ... . 
00 
.... 
. .. : ........ .. ..... . 
all- •• "'- " .. .. . . 
... ~ : : -::.:: . 
• . .. . ... 10 
.. . :..-..... ~ . I I I
.. ..... 
......... 
\0 
.... 
.. ..... . 
.- .... . 
N 
.... 
o 
.-t 
00 o 
o 
N 
00 
.... 
N 
.... 
o 
.... 
00 
o 
. ~ ~
-
-<1) 
U 
Chapter 3 - Methodology 
3.5.2.4 Implementation of Delaunay algorithm into the model 
A constrained Delaunay triangulation (COT) algorithm has been implemented 
into the macro scale model to mesh the cloud of points generated across 
modeVRVE boundary, as discussed in section 3.5 .2.3. A typical mesh produced 
by the COT for a tensile unit cell is shown in Figure 79, with the model shown at 
relatively low fibre volume fraction (- 5%) to allow the refinement around the 
bundles to be clearly observed. The refinement along the length of the bundles 
provides good quality triangulations, with the criteria used to define the quality of 
the triangulation detailed in section 3.5.2.5 . The fine mesh around the bundle 
intersections and bundle ends also allows for closer monitoring of debonding, 
damage initiation and damage progression in the model, with it shown at the 
microscale and mesoscale that these regions experience elevated stresses as they 
transfer load from bundle to bundle, and from matrix to bundle. 
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Figure 79 - Typical constrained Delaunay triangulation (COT) produced by the 
model after refinement along the length of the fibre bundles (highlighted in red). 
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3.5.2.5 Mesh quality assessment 
The quality of the triangulations of the generated models is important when 
performing FE analysis. The use of the CDT forces the triangulation to include 
every node generated in the cloud of points when meshing across the modeVR VE 
boundary, potentially leading to some long slender triangles being formed. Poor 
quality elements in the models could lead to errors when determining the 
mechanical properties of the unit cell, therefore it is important to assess the quality 
ofthe generated mesh before submitting the model to the FE solver. 
Padron et al [221] have developed a criterion to determine the quality of a 
triangular element for FE analysis. The criterion calculates the area of the triangle 
(A) and the side lengths (h\ , h2 and h3), shown in Figure 80, before feeding these 
values into a function (q) to quantify the quality of the mesh as follows: 
Equation 35 
Figure 80 - Label designation for mesh quality assessment of the COT. 
The optimum case for a triangular element is when q = 1, where an equilateral 
triangle is obtained (h\ = h2 = h3). Any value of q > 0.6 returns an acceptable 
triangle for FE analysis, with all interior angles CA, B, and C in Figure 80) of the 
triangle greater than 22.5° if this criterion is satisfied. 
A sensitivity study was conducted to look at the number of poor elements (q < 
0.6) obtained across a 5xSmm unit cell as the global element size was reduced 
from lmm to O.OSmm. The graph plotting the percentage of poor shaped elements 
against the global element size is shown in Figure 81. At a global element size of 
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Imm, 6.231 % of the elements (21 out of 337) in the model returned a q value 
lower than 0.6. This reduced significantly as the global element size was reduced, 
with just 0.016% of elements (5 out of 31,077) deemed poor at a global element 
size ofO.05mm - 1I100th of the model width. 
:l 8.0% 
= Qj 6.0% e Qj 
i:i3 
.. 
4.0% 
Q 
Q 2.0% CI. 
.... 
Q 
~ ~.. 0.0% 
0 0.2 0.4 0.6 0.8 1 
Global Seed Size 
Figure 81 - Percentage of poor elements across a 5x5mm unit cell with 20% V fat 
a bundle length of2mm, as the global element size was reduced from Imm to 
0.05mm. 
(Note: Global element size indicates the value used to plot the coarse grid of 
points across the model, with the refinement element size half of the global size 
specified). 
Of the elements that were poor at a global element size of O.05mm (refinement 
grid size of 0.025mm), none of the elements in the model had angles of less than 
18° in the model. This level of triangulation quality was considered to be adequate 
for the models created for FE analysis with no further refinement needed, with a 
global element size of 1I100th of the cell width adopted for the remainder of the 
analysis at the macroscale. 
3.5.3 Fibre bundle and matrix debonding 
3.5.3.1 Element selection for bundle/matrix interface 
A review of the methods used to simulate debonding in composite materials is 
contained in section 2.2.2. Cohesive elements were used at the micro scale in 
section 4.1.1 to simulate debonding in a single fibre composite, with the length of 
the debonded zone along the fibre calculated as the applied strain was increased 
on the model. Suitable parameters were established at the micro scale that will 
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now be used to simulate debonding in the developed macro scale model. Some 
authors have used cohesive elements at the interface at the macro scale [69, 113], 
whilst others have used spring elements to connect the two materials together. 
Swaminathan et a!. [111] developed a numerical cohesive zone model to represent 
debonding failure at the fibre-matrix interface using non-linear springs/connectors 
in the nonnal and tangential directions, much like the models produced by Kari 
[107]. The springs initially have zero, or negligible, length and as the strain is 
increased on the model the traction across the interface increases before a criterion 
is met to "release" the springs; thus simulating debonding between the fibre and 
matrix [111]. 
A spring/connector element was deemed the most suitable option to attach the 
nodes of the fibre bundles to the matrix in the developed macro scale model, as the 
elements are simple to integrate into the model at low computational expense. A 
connector element was selected over a spring element for this analysis as it 
allowed the element to be removed once it had failed. Initially, the length of the 
connector elements is zero in the model, as the nodes of the bundle and matrix are 
coincident. As the traction increases in the connector, the length of the element 
increases until the interfacial shear strength is reached, before the connector then 
grows at a rate defined by the fracture toughness. Once the element has failed it is 
removed from the model. The removal of the connector element allows complete 
debonding of the bundle and matrix, which can be observed visually by the user in 
the FE analysis in ABAQUS/Standard. 
3.5.3.2 Generation and implementation of connector elements 
To allow the fibre bundles and matrix to debond in the analysis it is necessary to 
modify the matrix elements that were generated during the Delaunay triangulation 
of the unit cell. Following the completion of the meshing procedure, there is one 
matrix node present in the same location as each fibre node. To allow separation 
of the matrix and bundle materials, an additional matrix node is created with the 
same global x and y coordinates of the coincident bundle and matrix node. 
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Using this newly created node, the elements either side ofthe fibre bundle need to 
be separated to allow them to be connected to the fibre bundle nodes, as shown in 
Figure 82. An algorithm has been developed to calculate which side of the fibre 
bundle each matrix element is situated, to allow the correct nodal assignment to be 
made. The coordinates of the nodes of each element are sequentially checked, 
with the element "flagged" if it contains a node that is coincident to a bundle 
node. The flagged elements are then assigned to the left, right or end of the bundle 
node, based on the coordinates of the other nodes that make up that particular 
matrix element. A connector element is then generated between the bundle and 
matrix nodes (Figure 82), with a local coordinate system assigned to each 
connector in the model. Figure 83 shows the connector elements across a sample 
model. 
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.. . 
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Figure 82 - Schematic showing how the fibre bundle and matrix elements are 
connected together to allow debonding in the FE analysis. 
(Note: The matrix and fibre bundle nodes have the same global x and y 
coordinates initially, before loading is applied to the unit cell. A separation 
distance is shown above between bundle and matrix to show how the elements are 
connected together) . 
The elements used for the connectors are CONN2D2 in ABAQUS/Standard, 
which connect two nodes together and allow two degrees of freedom (x and y 
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direction). Once the connector elements have been generated and positioned in the 
models, the behaviour of the connectors must be defined for FE analysis. 
'. 
Figure 83 - Connector elements shown across a typical model, with the local x 
and y directions specified for each connector. (Note: Fibre elements are 
highlighted in red). 
The connector elements use the same mechanical properties that were used in the 
microscale analysis in section 4.1 .1. Their behaviour is governed by an uncoupled 
bi-linear traction-separation law. A penalty stiffuess value, K, of 106 N/mm3 is 
used for the traction-separation law for the cohesive elements. The maximum 
stress criterion is used to initiate failure, with ~ o o set initially to 23.1 MPa (or 
23.1 N/mm2) using the results obtained by Gerlach et al [222]. Fibre bundle pull-
out tests were perfonned in [222] on RTM-6 infiltrated TEN AX HTS carbon fibre 
bundles surrounded by pure matrix material, with a mean interfacial shear strength 
of 23.1MPa calculated between the bundle and matrix, comparable to the values 
obtained in the literature for single fibre carbon/epoxy composites [47, 87-93]. 
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The fracture toughness, Gc, of the cohesive elements was set to 220 11m2 based on 
the experimental tests conducted by Kim and Nairn [94]. The influence of the 
interfacial shear strength is investigated later in section 4.3.2. 
Connector elements use a force based criterion to define the onset of failure, 
unlike cohesive elements which allow a stress value to be assigned. Therefore, the 
shear strength 0 f the interface needs to be converted into a maximum force value 
for the connector elements. Michaeli and Kocker [223] used Equation 36 to 
calculate the shear stress at the interface for fibre bundle pull-out tests. Although 
the equation was initially developed for the single fibre pull-out test, it was found 
to provide good approximations of the interfacial shear strength when the area of 
the boundary layer of the bundle was measured optically after the test had been 
completed. 
where: 
= 
Fmax = 
A = 
Ie = 
d = 
Equation 36 
maximum shear stress in the bundle matrix interface (MPa or 
N/mm2). 
force required to debond the filament from the matrix (N). 
area of boundary layer (mm2). 
length of filament encapsulated (mm). 
filament diameter (mm). 
The fibre bundles considered in this analysis (10 beam elements) are assumed to 
have a circular profile, with Equation 36 adopted to calculate the force required, 
Fmax, to initiate debonding in the connectors based on the interfacial shear 
strength, 'to, specified for the analysis. Table 14 shows the Fmax values obtained at 
constant interfacial shear strength of 23.1 MPa, at a range of bundle lengths from 
2mm to 100mm for a 12k fibre bundle with 60% fibre volume fraction. 
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Table 14 - Typical force values used to initiate failure in the connector elements, 
based on the shear strength specified between the bundle and matrix. 
Fmax(N) 'to (N/mm2) Bundle Diameter, d, length of Bundle, Ie 
-12k bundle (mm) (mm) 
146.64 23.10 0.9898 2.00 
366.59 23.10 0.9898 5.00 
733.19 23.10 0.9898 10.00 
1832.97 23.10 0.9898 25.00 
3665.93 23.10 0.9898 50.00 
7331.86 23.10 0.9898 100.00 
FE analysis has been performed on the bundle architecture produced in Figure 83 
to ensure that the connector elements were functioning as specified, using the 
properties for the connectors defined in Table 14 for a fibre length of 5mm. The 
unit cell measured 20x20mm with a low volume fraction of 10% used to allow the 
connector behaviour to be clearly observed. The von Mises stress plot for the 
model is shown in Figure 84. A detailed view of the connector elements is shown 
between the fibre bundle and matrix elements in Figure 84, to show the separation 
of the bundle and matrix as the applied strain is increased on the unit cell. 
Once the connector element has failed the element is "released" from the model, 
with the debonded fibre bundle no longer able to carry any load that is applied to 
the unit cell. This will lead to a reduction in strength of the composite material at 
low interfacial shear strengths, as multiple bundles will debond from the matrix 
leaving the neighbouring bundles and the surrounding matrix responsible for 
carrying the additional load. A study is conducted in section 4.3.2 to look at the 
influence of shear strength on the mechanical property prediction of the 
discontinuous material model. 
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Figure 84 - Typical von Mises stress plot of a periodic unit cell with a detailed 
view of the connectors between the fibre bundle and matrix elements. 
3.5.4 Bundle to bundle interaction 
3.5.4.1 Overview 
The macro scale model for discontinuous composite materials developed in this 
section is a 2D idealisation ofa 3D problem. It was noted in [184] that the in-situ 
interaction between fibre bundles in the vicinity of the point where two or more 
bundles intersect is of a genuine 3D nature, with no attempt made in exist ing 2D 
models to capture the 3D behaviour at the intersection points [68, 184]. 
Macroscale models have been developed to capture the 3D fibre bundle 
architecture of discontinuous materials, with a review of these models and their 
limitations discussed in section 2.5.2. 
To improve the modulus and strength predictions of the developed 2D model, 3D 
studies were conducted at the mesoscale to quantify SCFs in the bundles at the 
point of intersection, at a range of angular orientations. The results obtained in the 
3D analysis at the mesoscale have been integrated into the 2D macroscale model 
with the bundle's mechanical properties modified at the point of intersection. The 
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implementation of this is discussed in the following section, with the bundle 
orientations and a separation function used to detennine the new element 
properties for the bundle at the intersection point. 
3.5.4.2 Implementation of bundle interactions from mesoscale 
The 2D bundle architecture of the developed model does not account for the 
matrix material between the bundles, in the out-of-plane direction. To account for 
this, the coincident nodes from the overlapping bundles are tied together using a 
connector element, using the same methodology in section 3.5.3. The traction-
separation parameters used for the connector elements at the bundle intersection 
are the same values used at the bundle-matrix boundary, with an assumption made 
that at the point of intersection the bundles are always separated by matrix 
material through the thickness of the model. 
Figure 85 shows the intersection of two fibre bundles, with the elements at the 
intersection identified ready for the modification based on SCFs found in the 
bundles and matrix in the 3D mesoscale analysis in section 4.2.2. The reduction in 
the mechanical properties of the elements at the bundle intersections is dictated by 
the in-plane orientation angle (<I» and a function used to generate an out-of-plane 
separation distance between the bundles. In the 3D mesoscale analysis of two 
fibre bundles interacting in a unit cell, orientation angles (<I» between 0° and 90° 
were considered at a range of separation distances from 0.2mm to 2.20mm. 
Modified Bundle Properties at Intersection 
exe. Y c) .... ___ ~ ~ ~ , ; _ / / Bundle 2 - Standard Bundle 
Properties 
(XD. YD) 
Bundle 1 - Standard Bundle Properties 
Figure 85 - Schematic to show the bundle mechanical properties that are modified 
at the point of bundle intersection. 
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The orientation angle (q,) between the fibre bundles is calculated, before being 
grouped ready for the reduction in the mechanical properties ofthe elements at the 
intersection. Seven groups, A to G, were generated using the values of the 
orientations considered at the mesoscale as their central value, with the angle 
ranges used to define the groups shown in Table 16. After the bundle intersection 
has been assigned an angle orientation group, the bundles are assigned an out-of-
plane separation distance. A probability density function (Q) is used to assign the 
separation distance (s) of the bundles, which is a function of the cell depth (d) -
specified initially by the user in the program. The function is a skewed normal 
distribution, which is defined as follows: 
(S-b)2 
Q = res) = ae- ----ur Equation 37 
A probability density function (Q) is defined for a range of volume fractions for 
the unit cell, with the skew greater with decreasing volume fraction, shown in 
Figure 86. The function takes into consideration that the fibre bundles are like ly to 
have a greater separation distance through the thickness of the material as the 
volume fraction is reduced. The values used to define the function shapes are 
detailed in Table 15. 
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g. 0 - l l / o V f f
o 20 .to 60 SO 100 
Separation Distance. s (% of celJ depth. d) 
Figure 86 - Skewed probability function (Q) to assign separation di stance between 
the fibre bundles at the point of bundle intersection. 
Table 15 - Values used to define the probability function (Q) for the separation 
distance between the fibre bundles at varying volume fraction, see Figure 86. 
Vr 60% 50% 40% 30% 20% 10% 
a 1 1 1 1 1 1 
b 5 12 19 26 33 40 
c 20 20 20 20 20 20 
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The values used in Table 15 were generated to provide a quantitative variation in 
separation distance across unit cells of varying volume fraction, with the values 
used not based on experimental data. For this analysis, the range of separation 
distances considered at each volume fraction was deemed acceptable; however, 
the accuracy of the model could be improved in future by calculating the average 
bundle separation distance across plaques manufactured with different volume 
fractions. 
After the bundle intersection has been allocated a separation distance, based on 
the volume fraction of the cell and the value returned from the probability density 
function (Q), the separation distance is then allocated a separation group. The five 
separation groups used in this analysis are shown in Table 16. The separation 
distances and angular orientations are grouped as it would be unfeasible to 
calculate knockdowns for every possible permutation of separation/orientation, 
with the 35 groups created in Table 16 providing adequate coverage of the full 
range of possible separation/orientation combinations. 
The values given in Table 16 for the knockdowns are percentage values, with the 
stiffuess of the elements either side of the point of intersection, shown in Figure 
85, reduced to the value contained in each cell. The knockdown is calculated by 
dividing the stiflhess of the elements by the SCF found at the mesoscale. For 
example, if an intersection lies in group D (45) and its separation distance is 30-
50% of the unit cell depth, then the stiffness of the bundle elements are reduced to 
96.87% of the original bundle mechanical properties. A study has been conducted 
in section 4.3.3 to quantify the influence of the knockdowns at the bundle 
intersections on the mechanical properties of the unit cell. 
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Table 16 - Summary of knockdowns used for modulus of the bundle elements at 
the point of intersection for the range of orientations and separation distances. 
Angular Orientation 
Angle 0.00° to 7.51° to 22.51° to 37.51° to 52.51° to 67.51°to 82.51° to 
Range 7.500 22.50° 37.50° 52.50° 67.50° 82.50° 90.00° 
Group A (0") B (15,,) C (30") D(4S,,) E (60") F(7S,,) G (90") 
100% 100.00010 100.00010 100.00010 100.00010 100.00010 100.00010 100.00010 to 70% 
--
70% to 
"'''0 100.00010 100.00010 100.00010 99.38% 98.01% 97.35% 96.76% oS ~ ~ 50% C,J-= 
= 'is. 
" ~ ~t;"O 50% to is:;:; 100.00010 100.00010 99.47% 96.87% 95.36% 94.61% 94.16% 
= C,J 30% 
co'" 
-,c -c 
f = 30% to ,,'" 100.000/0 100.00% 97.87% 94.56% 92.92% 92.61% 92.24% Q,co 10% ~ ~ ~
--
10% to 100.000/0 100.00010 96.85% 93.36% 91.64% 91.42% 91.21% 0% 
3.5.5 Boundary conditions 
A full review of the boundary conditions used for macro scale RVEs of 
discontinuous composites is contained in section 2.5.3. The developed macro scale 
model is capable of producing tensile test coupons and unit cells with periodic 
boundary conditions, with a summary of these boundary conditions and the 
subsequent constraints imposed on the models detailed in this section. For the 
analysis contained in this thesis at the macro scale, periodic boundary conditions 
have been utilised to subject the unit cells to pure tensile (x and y) and shear (xy) 
strains. 
3.5.5.1 Tensile boundary conditions 
The simpler of the two boundary conditions that can be imposed on the 
macro scale model is the tensile (bi-axial) boundary conditions, shown in Figure 
87. The left edge of the model is constrained in the x and y directions to allow no 
movement along that surface. The right surface is tied to a dummy node, with the 
prescribed strain applied along the full length of the surface. The right surface is 
also constrained from moving vertically, to directly simulate a tensile specimen in 
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the jaws of a testing machine. Both the top and bottom surface are free to contract 
due to Poisson effects, with no boundary conditions imposed on them. 
Figure 87 - Schematic ofthe bi-axial conditions imposed on the model to simulate 
a tensile test. 
3.5.5.2 Periodic boundary conditions 
The second set of boundary conditions that can be imposed on the macro scale 
model are periodic boundary conditions that adhere to the equation constraints 
outlined by Li et al [150, 151] for cells with translational symmetry in the x and y 
directions, shown in Figure 88 (left - before loading, middle - after loading). To 
maintain periodicity across the cell, the fibres are cropped at the boundary of the 
model, as shown in Figure 43, before being translated across to the opposing 
surface to ensure a representative number of bridging and ending fibre bundles are 
captured within the model boundary. The cropped fibres that have been translated 
to opposing boundaries are highlighted in red in Figure 88 (right). 
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Figure 88 - Schematic of periodic boundary conditions imposed on model. 
To impose periodic boundary conditions on the model, an equal number of nodes 
must be present on opposite boundaries. The number of nodes on the left edge is 
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equal to the number of nodes on the right edge, and the number of nodes on the 
top edge is equal to the number of nodes on the bottom edge. Three dummy nodes 
are also created with equation constraints used to apply strain to the unit cells in 
the x, y and xy directions. The equation constraints used to impose the periodic 
boundary conditions on the model are detailed in Appendix D. 
3.5.6 Macroscale modelling limitations 
The model provides a quantitative assessment of varying the interfacial shear 
strength between the fibre bundle and matrix materials when detennining the 
mechanical properties of discontinuous composite at the macro scale. As stated 
previously, the in-situ interaction between fibre bundles in the vicinity of the point 
where two or more bundles intersect is of a 3D nature [184]. The developed 
model uses mesoscale studies of interacting bundles to account for this to improve 
mechanical property predictions. The fibre bundles are considered to be perfectly 
straight in the models, with the influence of curvature neglected for this analysis. 
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Chapter 4 Results 
4.1 Microscale modelling 
4.1.1 Single fibre micromechanical analysis - interfacial debonding 
The finite element results for the single fibre composite model are presented in 
four separate sections. The first section assumes that the fibre and matrix are 
perfectly bonded and the second section uses cohesive elements between the fibre 
and matrix to model interfacial debonding. Both studies are performed with the 
matrix modelled as an elastic and elastic-perfectly-plastic (EPP) material. 
Comparisons are then made in section 3 with shear lag predictions. The final 
section looks at the influence of the interfacial fracture toughness on the rate of 
debonding in the single carbon fibre composite models. 
Section 1: Perfect bond between fibre and matrix 
The fibre axial stress and interfacial shear stress for the elastic matrix material 
model are shown in Figure 89. For the graphs in this section, Z is defined as the 
length along the fibre, with Zlr defined as the ratio of fibre length to fibre radius 
in the models. The peak values for both the fibre axial stress and interfacial shear 
stress increase with increasing applied strain on the single fibre composite, with 
the maximum fibre axial stress observed at the fibre midpoint and the peak 
interfacial shear stress found at the fibre end. The fibre axial stress is approaching 
the fibre failure strength at 2.4% applied strain as the interface is assumed to be 
perfect in the model allowing greater loads to be transferred to the fibre. 
Interfacial shear stress values are high for the perfect interface model, exceeding 
the 20-70MPa range typically used to define the interfacial shear strength (ISS) 
between fibre and matrix materials. In addition to this, the axial stress at the fibre 
end is non-zero, consistent with the findings of Galiotis [95], with this not 
captured by the models produced by Cox and Kelly-Tyson. 
The fibre axial stress and interfacial shear stress for the EPP matrix material 
model are shown in Figure 90. The introduction of plasticity into the matrix 
changes both the fibre axial stress and interfacial shear stress profiles along the 
length of the fibre. At small applied strains (0.4%), prior to the onset of matrix 
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plasticity in the models, the fibre axial stress and interfacial shear stress in the 
elastic matrix model and EPP matrix model closely match each other. As the 
applied strain is increased on the model, a plateau region is observed in the 
interfacial shear stress profile as the stress levels exceed the matrix yield stress, 
similar to the results presented by Pan [69], with the magnitude of the interfacial 
shear stress values much lower than for the elastic matrix model in Figure 89. The 
length of the plateau region increases as the applied strain is increased, with this 
constant interfacial shear stress along the length of the fibre causing the fibre axial 
stress profiles to be almost linear at applied strains greater than 1.2% as no further 
load can be applied to the fibre in the plateau region. 
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perfect bond interface model with EPP matrix properties. 
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Section 2: Debonding between fibre and matrix 
The interfacial shear strength, Lo, was set to 20MPa and the fracture toughness , 
Gc, of the cohesive elements was set to 220 J/m2 for this study. The fibre axial 
stress and interfacial shear stress profiles for the debonding model with elastic 
matrix properties are shown in Figure 91. As expected, the introduction of 
debonding into the model greatly changes the fibre axial stress and interfacial 
shear stress profiles. The interfacial shear stress observed in the model does not 
exceed 20MPa, as damage is initiated in the cohesive element if stresses exceed 
this value. Once damage has been initiated in the cohesive element (point A in 
Figure 16), the fracture toughness dictates the rate at which the element decays 
before final failure of the element (point B in Figure 16). This leads to a damage 
processing zone between the elements which are fully damaged (debonded and 
carry zero stress) and the undamaged elements that are still active in the model. 
The damage processing zone in this study is greater than that found by Pan [69], 
but this is attributable to the higher fracture toughness value (220 J/m2) of the 
carbon/epoxy composite when compared to the fracture toughness of glasslepoxy 
composite (100 J/m2). The fibre axial stress reduces to a near zero value along the 
length ofthe fibre when debonding has occurred in the interface. At strains greater 
than 0.4%, lower loads are transferred through the damaged interface from the 
matrix to the fibre. The fibre axial stress and interfacial shear stress profiles for 
the debonding model with EPP matrix properties are shown in Figure 92. 
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Figure 91 - Fibre axial stress (left) and interfacial shear stress (right) for the 
debonding interface model with elastic matrix properties. 
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The introduction of plasticity into the matrix material has only a sli ght impact on 
the debonding lengths observed in the single fibre composite. At low applied 
strains (less than 0.3%), prior to the onset of debonding, the fibre axial stress and 
interfacial shear stress profiles were identical. It was observed in [69] that the 
debonding length was lower in a glass fibre elastic matrix model when co mpared 
to an elastic-plastic matrix at lower applied strains, but at higher applied strains 
this trend reversed. The results from this study agree with Pan' s findings. When 
the applied strain on the model was increased to between 0.4% and 0.6% strain, 
the debonding length in the interface of the EPP matrix models is greater (- 10%) 
than that of the elastic matrix models. However, at strain levels greater than 0. 8% 
the debonding lengths of both elastic and EPP matrix models are almost identical. 
The onset of debonding occurred earlier and progressed faster in this study when 
compared to the work by Kim and Nairn [94], who performed experimental tests 
to predict the debond lengths of AS4-carbon fibres embedded in an epoxy matrix. 
In this study, a debond length of 9 fibre radii (9r) was predicted at 0.4% applied 
strain, rising to 20r at 1.0% applied strain - an increase of II r over a net applied 
strain increase of 0.6%. The experimental results in [94] found a debond length of 
6r at 1.0% applied strain, rising to 14r at 2.0% applied strain, an increase 0 f 8r 
(28J.1.m) over a net applied strain increase of 1.0% . The variation in experimental 
results and the FE models is consistent with the glass/epoxy single fibre 
composite model developed by Pan [69] , with the discrepancy attributed to the 
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absence of the friction force and initial Residual Thermal Stress (RTS) on the 
interface in the FE models. 
Section 3: Comparison of perfect bond, debondiog and shear lag models 
The fibre axial stress and interfacial shear stress profiles for the perfectly bonded 
interface and debonding models are compared to predictions from the shear lag 
model developed by Cox [50] in this section. Figure 93 shows the models 
compared at 0.2% applied strain, before the onset of damage in the cohesive 
elements at the interface. The peak shear stress prediction from the shear lag 
model is around 50% lower than the perfectly bonded interface FE models, which 
leads to a reduction in axial stress along the length of the fibre as the interface is 
responsible for transferring the load to the fibre from the matrix via shear in the 
composite material. The debonding models predict fibre axial stress values just 
below (-3.50%) the values obtained from the perfectly bonded models, 
attributable to the small processing zone which is observed in the interfacial shear 
strength plot in Figure 93 as the interface reaches the interfacial shear strength of 
20MPa. 
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Figure 93 - Comparison of shear lag models to FE models with a perfectly bonded 
and debonding interface, with elastic and EPP matrix, at 0.2% applied strain. 
Figure 94 compares the fibre axial stress and interfacial shear stress profiles for all 
the models at 0.4% applied strain, once debonding has initiated in the debonding 
models. A comparison is also made at 0.6% applied strain, Figure 95, to show the 
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variation in the stress plots as the debonding length increases along the fibre 
length in the models. 
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At 0.4% applied strain, the shear lag prediction for the axial fibre stress lies 
between the perfectly bonded interface models and the debonding models (left, 
Figure 94). The reduced fibre axial stress observed in the debonding models is 
attributable to the debond length, also shown in the interfacial shear stress plot 
(right, Figure 94). The shear stress is zero across the full length of the debonded 
zone, with a processing zone found after this point, attributable to the fracture 
toughness of the interface, as the interfacial shear stress approaches the shear 
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strength of the interface elements - 20MPa. The interfacial shear stress in the 
perfectly bonded and shear lag models exceeds the shear strength of the interface 
in the debonding models as they do not account for interfacial damage, which 
provides the greater fibre axial stress levels observed (left, Figure 94). 
As the applied strain is further increased on the models, to 0.6% in Figure 95, the 
discrepancy between the debonding models and the perfectly bonded models, and 
shear lag models, becomes even greater with the increase in debond length. This 
comparison has shown that the shear lag model and perfectly bonded models are 
valid for predicting the fibre axial stress and interfacial shear stress in a single 
fibre composite model at low applied strains (0.2% applied strain or less). Once 
the shear strength of the interface between the fibre and matrix is exceeded, at 
strains greater than 0.4%, both the shear lag model and perfectly bonded interface 
models are not suitable for predicting the fibre axial stress and interfacial shear 
stress for the current combination of constituent materials. 
Section 4: Influence of interfacial fracture toughness on fibre dcbond length 
The fracture toughness of the interface was varied in this study to analyse its 
influence on the debond length observed in the single fibre composite. Four 
fracture toughness values of 100 J/m2, 220 J/m2, 500 J/m2 and 1000 11m2 were 
considered, with the interfacial shear strength kept constant at 20MPa in this 
analysis. The elastic matrix properties were used in this analysis to allow the 
influence of interfacial fracture toughness to be studied independently. The 
debond lengths are plotted for the range of interfacial fracture toughness values 
considered in Figure 96. 
Damage initiates at the same point in all the fracture toughness models (-0.2% 
applied strain), as the interfacial shear strength is constant. However, by 
increasing the fracture toughness of the interface the onset of failure of the 
interface elements is delayed, with the length of the processing zone increasing 
with higher fracture toughness. A greater applied strain is therefore required to 
cause failure of the cohesive elements to propagate the crack along the length of 
the fibre, consistent with the findings in [69]. Figure 97 shows the fibre axial 
stress and interfacial shear stress profiles at 0.4% applied strain for the models 
147 
Chapter 4 - Results 
with increasing fracture toughness. The interfacial shear stress profiles in the 
models, (right, Figure 97), shows that the rate of interfacial debonding increases 
when lower values, 100 J/m2 and 220 J/m2, are used for the interfacial fracture 
toughness. This increase in debond length inherently reduces the fibre axial stress 
observed (left, Figure 97). 
For the model with a fracture toughness value of 1 000 J/m2 the debond lengths are 
comparable with the experimental tests conducted by Kim and Nairn [94] for the 
AS4-carbon epoxy composite. A debond length of 2.5 fibre radii (2.5r) was 
predicted at 1.0% applied strain, rising to 14r at 2.0% applied strain for the single 
fibre composite model, an increase of 11.5r. The experimental results in [94] 
found a debond length of 6r at 1.0% applied strain, rising to 14r at 2.0% applied 
strain, an increase of 8r over the same range as the single fibre model. 
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25 
148 
Chapter 4 - Results 
4.1.2 Fibre ineffective length 
The results from the analysis have been split into two sections. The first section 
will look at the stress plot and damage development in the model which uses the 
mid-values for the modulus of the fibre, interface and matrix. The ineffective 
length of the broken fibre will be calculated, along with the SCF observed in the 
unbroken fibre to show the methodology used for all the model variants. The 
second section will focus on the full factorial study to determine the influence of 
the three input parameters (fibre, interface and matrix stiffness) on the monitored 
output parameters (fibre ineffective length and SCF). 
Stress and Damage Analysis for Mid-value Model 
A typical von Mises stress plot for the model is shown in Figure 98. Stress builds 
along the length of the fractured fibre, with the unbroken fibre experiencing 
greater stress levels around the fracture site. The axial fibre stress along the length 
of the broken and unbroken fibre is shown in Figure 99, with the values taken at 
0.2% applied strain for consistency with the von Mises stress plot in Figure 98. 
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Figure 99 - Axial fibre stress plot along the halflength of the broken and 
unbroken fibre at 0.2% applied strain. 
The ineffective length of the broken fibre and the PAL of the unbroken fibre can 
be calculated using the data in Figure 99, with the 90% threshold plotted for 
clarity. A fibre ineffective length of 114.50llm was calculated in this analysis for 
the broken fibre, with a SCF of 1.4303 observed in the unbroken fibre. The SCF 
was calculated by dividing the peak stress in the unbroken fibre by the stress at 
which the fibre axial stress plateaus in the unbroken fibre. The SCF observed in 
this study is relatively high when compared to existing models in the literature 
(Figure 18), attributable to the fact that only one fibre is responsible for carrying 
the overload created by the fibre discontinuity. 
Damage began to initiate in the matrix region at the tip of the broken fibre at 0.1 % 
applied strain, at the site of the fibre fracture, before propagating along the length 
of the broken fibre down the interface. As the strain on the unit cell was increased 
to 0.4%, damage began to develop into the matrix region between the broken and 
unbroken fibre, shown in Figure 100. This damage then progressed across the 
matrix region at the base of the broken fibre at 1.6% applied strain, and ultimately 
caused failure of the unit cell as the matrix reached the failure strain criterion set 
in the UMAT. The unbroken fibre experienced further overloading around the site 
of the fibre fracture, which led to fibre failure in the initially unbroken fibre. 
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Figure 100 - Plan view of the damage progression in the fibre ineffective length 
model, focussed on the end ofthe fibre fracture. 
(Top to bottom; 0.2%, 0.4%, 0.8%, 1.6% and 2.0% applied strain). 
Undamaged elements (blue), plastic elements (green) and damaged elements 
(red). 
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Full Factorial Study 
The 27 variants of the model were run in ABAQUS/Standard and the ineffective 
length of the broken fibre was calculated at 0.2% applied strain for each model. 
The SCF experienced by the unbroken fibre was also calculated, with the results 
presented in Table 17. 
Table 17 - Results from full factorial study. 
Fibre Matrix Interface Ineffective Stress Concentration 
Modulus Modulus Modulus LeJ!gthlltm) Factor lSCF) 
High High High 116.5 1.4442 
Low Low High 107.5 1.4071 
Mid High Mid 104.0 1.4046 
Mid Mid Mid 114.5 1.4303 
Low High Low 91.5 1.3548 
Low Mid High 94.0 1.3617 
Mid Low Low 136.5 1.4736 
High High Low 125.5 1.4745 
High Low Mid 156.5 1.5044 
Low High Mid 86.S 1.3293 
Mid High High 100.5 1.3894 
High Low High 154.5 1.5111 
Low Low Low 11 3.5 1.422 1 
High Low Low 165.0 1.5191 
Mid Mid Low 120.0 1.453 1 
Mid Mid H i ~ h h 111.0 1.4193 
Low Mid Low 100.5 1.3884 
Mid Low Mid 131.5 1.4637 
High High Mid 129.5 1.4589 
Low High High 85.0 1.3258 
High Mid Low 140.5 1.4977 
Low Mid Mid 96.5 1.3709 
Mjd High Low 109.5 1.4309 
Low Low Mid 109.0 1.4075 
High Mid High 128.5 1.4635 
Mid Low High 128.5 1.4607 
High Mid Mid \33.0 1.4738 
The results from the full factorial array were then analysed by performing a 
general linear analysis of variance (ANOV A) to evaluate the importance of the 
three input variables on the fibre ineffective length and SCFs in the models. 
Figure 101 shows the main effects plot for the fibre ineffective length of the 
broken fibre. The modulus of the fibre has the greatest influence on the fibre 
ineffective length in this study, with a 41.34% increase in the fibre ineffective 
length as the fibre modulus is increased from its lowest to highest values. The use 
of higher grade carbon fibres with greater mechanical properties increases the 
mismatch in the modulus between the fibre and matrix/interface (an increase in 
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the EfibrJEmatrix ratio), which leads to an increase in the ineffective length of a 
broken fibre in the composite. Therefore, these results suggest that there is little 
point in using expensive, high-grade carbon fibres with a low performance res in. 
A high performance resin, or fibre coating, is needed to reduce the ineffective 
length of broken fibres in a composite material. A decrease in the fibre ineffective 
length was observed when the modulus of the matrix and interface were 
increased, with reductions of 21.12% and 6.94% respectively. The increase in the 
modulus of the matrix and interface promotes greater stress transfer efficiency 
between the fibres as the EfibrJEmatrix ratio is decreased, which provides shorter 
fibre ineffective lengths. The interface only accounts for a small volume of the 
unit cell ( 0 . 5 ~ m m thickness around the fibres), yet it still significantly contributes to 
a reduction in the ineffective length of a broken fibre in the model (- 7%). This 
provides a clear indication that the use of sizing on fibres can promote greater 
stress transfer efficiency between fibres in a composite, thu improving the 
mechanical properties of the material. 
Figure 101 - Main effects plot for the fibre ineffective length of the broken fibre 
The main effects plot for the stress concentration in the unbroken fibre in the 
model is shown in Figure 102. The SCF in the unbroken fibre increased by 7.93% 
when the fibre modulus was increased from its lowest to highest value (190AGPa 
to 285.6GPa), in the analysis. The use of higher modulus carbon fibres will 
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produce a composite with greater stiffness; however around the site of a fibre 
fracture the SCF experienced by neighbouring fibres will be higher because of a 
greater mismatch in stiffness between fibre and matrix. 
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Figure 102 - Main effects plot for the stress concentration factor (SCF) 
experienced by the unbroken fibre in the model. 
H 
A reduction in SCF was observed with an increase in matrix and interface 
modulus, with a decrease of 4.24% and 1.80% respectively, similar to the result 
for the fibre ineffective length in Figure 101. By increasing the modulus of the 
matrix and interface the stress transfer efficiency between the fibres was 
increased, with the overload caused by the fibre break partially redistributed into 
the matrix material between the two fibres - leading to lower SCFs in the 
neighbouring, unbroken fibres. The fibre ineffective lengths of broken fibres and 
SCFs in adjacent unbroken fibres are both strongly dependent on the Efibn/Em!ltTi)( 
ratio. By reducing the EfibrJErnatri x ratio in the composite, the fibre ineffective 
length is reduced and lower SCFs will be found in adjacent fibres, providing an 
increase in the mechanical properties of the material. 
According to Figure 103, an increase in matrix and interface modulus improves 
the fai lure strength of the composite material, whereas an increase in fibre 
modulus reduced the failure strength of the model. It was shown in Figure 101 
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and Figure 102 that the fibre ineffective length of the unbroken fibre and the SCF 
in the neighbouring fibre increased with increasing fibre modulus, which 
increases the stress levels in the matrix material between the two fibres. This 
increased stress level in the matrix and interface causes failure to initiate at lower 
applied strains in this region, so a reduction in failure strength was observed for 
this two fibre model. This study only considers two fibres at low volume fraction 
(- 15%); with only one fibre responsible for carrying the overload caused by the 
fibre break. In practice, at higher volume fractions, multiple fibres will be 
responsible for carrying the additional load at the site of the fibre break ; therefore 
the SCF values would be lower, as shown in Figure 18. 
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Figure 103 - Main effects plot for the failure stress of the model 
In addition to looking at the influence of the input parameters (fibre, matrix and 
interface modulus) in isolation, interaction between the parameters has also been 
analysed by performing a general linear analysis of variance (ANOVA) . The 
interaction plots for the fibre ineffective length of the broken fibre and the SCF 
experienced by the unbroken fibre are shown in Figure 105 and Figure 106 
respectively. An interaction plot is a plot of means for each level of a factor with 
the level of a second factor held constant. Parallel lines in the plot indicate that 
little or no interaction is present between the variables under consideration and as 
the lines depart from the parallel state there is a higher the degree of interaction. 
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When determining the fibre ineffective length of a broken fibre, the interaction 
plot (Figure 105) indicates that there is little interaction between the variables in 
this analysis, with the lines in the plot remaining relatively parallel in each 
interaction cell. The interaction plot for calculating the SCF experienced by the 
unbroken fibre, Figure 106, shows that there is limited interaction between the 
variables in this analysis. The interface modulus and matrix modulus interaction 
cell, designated as cell X in Figure 106, suggests that there is an interaction 
between these two variables when determining SCF in fibres adjacent to a fibre 
break. With the interface and matrix responsible for transferring the overload from 
the fibre break to the adjacent fibre, it is unsurprising that the combination of the 
two variables influences the SCF in the unbroken fibre in the model. 
The lower bound for fibre ineffective length of the broken fibre and SCF in the 
unbroken fibre found in the study was 85flm and 1.3258, respectively, for the 
model with low fibre stiffuess and high matrix and interface stitfuess. In contrast 
to this, the upper bound had a fibre ineffective length and SCF of 165flm 
(0.165mm) and 1.5191, respectively, for the model with high fibre stiffuess and 
low matrix and interface stiffuess. The high SCF values obtained in the study are 
attributable to only two fibres being considered in a low fibre volume fraction 
model, with only one fibre responsible for carrying the overload created by the 
fibre discontinuity, with Lane et al [48] reporting strain concentration values of 
1.05 at volume fractions between 38-58% at 1 % applied strain for carbon-epoxy 
composites. In addition to the influence of volume fraction on the SCFs, the cross-
sectional shape of the fibre bundle will also influence the SCFs observed in fibres 
surrounding a failed filament, with two possible bundle shapes shown in Figure 
104. If a greater number ofintact fibres surround a failed filament then the SCFs 
are lower, therefore a more elliptical bundle shape would provide greater SCFs 
than if the fibre bundle was round. The influence of bundle cross-sectional shape 
is investigated further in section 4.2.1. 
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Figure 104 - Schematic showing the influence of bundle cross-section shape on 
the SCFs observed in filaments surrounding a failed filament 
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4.1.3 Fibre bundle properties 
Mechanical properties have been calculated for a range of fibre volume fractions 
from 10 to 75%. For the nine volume fractions selected, the unit cells were 
generated and loaded in each principal direction. The model with 56% fibre 
volume fraction has been selected to show a representative von Mises stress and 
damage plot for each loading scenario, with longitudinal loading (z-direction) 
shown in Figure 107, transverse loading (x-direction) shown in Figure 108, and 
shear loading (xy-direction) shown in Figure 109. The values obtained for the 
modulus of the unit cell in each loading scenario is presented in Table 18. 
When the representative fibre bundle model is subjected to longitudinal load ing 
the matrix and interface regions become plastic as the applied strain is increased 
on the model, before fibre failure occurs, shown in the damage plot (right, Figure 
107). When subjected to transverse loading, damage initiates in the interface 
region surrounding the fibres , before propagating into the matrix material between 
the fibres and ultimately causing final failure of the unit cell (right, Figure 108). 
For the shear load case, damage once again initiates in the interface before 
propagating to the outer boundary of the unit cell and causing final failure (right, 
Figure 109). As elements in the models are damaged, localisation can become 
apparent which can invalidate the periodicity of the model. The effects of 
localisation are not considered in this analysis and it is acknowledged that this 
could be a source of error in the results obtained for the fibre bundle models. 
y 
z 
J-x 
Figure 107 - Longitudinal loading of bundle unit cell (56% V r). Both plots taken 
at 2% applied strain with the von Mises stress plot (left) and damage plot (right). 
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y 
z 
J-x 
Figure 108 - Transverse loading of bundle unit cell (56% V r). Both plots taken at 
2% applied strain with the von Mises stress plot (left) and damage plot (right). 
y 
z 
J-x 
Figure 109 - Shear loading of bundle unit cell (56% V r) . Both plots taken at 2% 
applied strain with the von Mises stress plot (left) and damage plot (right). 
Note: For the damage plots Figure 107 to Figure 109; undamaged elements 
(blue), plastic elements (green) and damaged elements (red). 
Table 18 - Summary of the modulus properties in all principal directions for the 
fibre bundle model with increasing volume fraction. 
Vt (%) E. (GPa) Ey (GPa) Ez (GPa) Eyz (GPa) En (GPa) E.y (GPa) 
10 4.207 4.207 25 .142 1.381 1.381 1.349 
19 4.752 4.752 46.971 1.597 1.597 1.528 
28 5.358 5.358 68.787 1.852 1.852 1.743 
37 6.074 6.074 90.592 2.160 2.159 2.008 
46 6.949 6.949 112.386 2.536 2.536 2.346 
56 8.033 8.034 134.169 3.010 3.009 2.785 
65 9.373 9.374 155.942 3.627 3.626 3.356 
70 10.149 10.150 166.826 4.013 4.013 3.700 
75 11.001 11.001 177.708 4.473 4.473 4.088 
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To validate the modulus values obtained from the finite element study the results 
in Table 18 have been compared to a Rule of Mixtures (ROM) analytical model. 
The longitudinal modulus (z-direction) calculated by ROM shows good 
agreement with the numerical results, shown in Figure 110. As the fibre modulus 
is much greater than the matrix modulus in the z-direction (238GPa compared to 
3.35GPa) the stiffuess of the fibre dominates, with ROM providing a good 
estimate for the unidirectional composite for this load case. In this analysis, the 
fibre is modelled as continuous in the z-direction, which is an idealisation as 
discontinuous composites contain chopped bundles, which will inherently lead to 
stress concentrations forming at the bundle ends. Bundle length effects will be 
considered at the meso and macroscale using the experimental results obtained 
from bundle tensile testing in section 3.1.2. 
Under transverse loading, the stress distribution in the unit cell (left, Figure 108) 
is much more complex than in the longitudinal load case, with the matrix and 
interface responsible for transferring the load between the fibres. This leads to 
failure in the interface and matrix, shown in the damage plot (right, Figure 108), 
which makes the mechanical properties of the unit cell more difficult to predict 
for transverse loading than for longitudinal loading. The complex stress 
distribution in the transversely loaded unit cell leads to poor predictions from 
ROM when compared to the results from the FE analysis; as shown in Figure 111. 
ROM under predicts the modulus of the unit cell, with an average discrepancy of 
22% across the full range of fibre volume fractions considered in the analysis. The 
results from this study are consistent with the findings of Maligno [60], who also 
found that ROM was insufficient (-30% discrepancy between ROM and the 
numerical model for volume fractions greater than 50%) to predict the mechanical 
properties of transversely loaded unit cells due to the non-uniform distribution of 
stress across the model. 
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Figure III - Transverse modulus of ROM analytical model and FE model. 
The strength and failure strain of the unit cells was recorded for all bundle volume 
fractions for each load case, with the strength values detailed in Table 19 and the 
failure strain values shown in Table 20. As expected, with increasing fibre volume 
fraction in the bundle the strength increases significantly in the z-direction, with a 
strength of 422.lMPa at 10% Yr, rising to 3037.3MPa at 75% V f. The FE results 
for the z-direction strength are compared to ROM strength predictions in Figure 
112, with good agreement found (-0.87%) as the fibre dominates the strength 
prediction. Tensile testing of bundles in section 3.1.2 showed that the strength of 
the bundle was lower than the FE predictions in this section, with the strength of 
the bundle also decreasing with increasing bundle length, attributable to the 
greater number of fibre flaws found in the bundle. For the analysis contained in 
this thesis, the failure stress of the bundle in the z-direction «Jz) will be 
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detennined using Equation 14, with failure stress values for a bundle volume 
fraction of60% shown in Table 6. 
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Figure 112 - Longitudinal strength of ROM analytical model and FE model. 
The transverse strength of the bundle (x-direction) is almost constant with 
increasing fibre volume fraction. Failure is initiated in the matrix and interface 
regions, shown in Figure 108, therefore increasing the fibre content in the unit cell 
has little effect. It was observed that the strength of the unit cell was greater in the 
y-direction than in the x-direction, with a strength increase of approximately 20% 
in the y-direction for fibre volume fractions greater than 50%. The modulus of the 
unit cell is equivalent in the x and y-direction; see Table 18, but damage initiates 
in different areas of the matrix and interface for the different load cases due to the 
geometry of the hexagonal packing arrangement and the difference in the edge 
lengths on faces CDGH and EFGH (Figure 66). The results obtained are 
consistent with studies in [60], with a difference in strength of approximately 30% 
observed between transverse loading directions (x and y) for a hexagonal packing 
arrangement with glass fibre reinforcement. 
The in-plane shear strength (xy-direction) of the bundle increased steadily with 
increasing fibre volume fraction, from 25.0MPa at 10% V f to 30.9MPa at 75% V f 
- an increase of 23.6%. The out-of-plane shear strengths (yz and xz directions) 
also increased with increasing V f, but the shear strength 0 f the unit cells remained 
relatively constant in all shear directions at bundle volume fractions greater than 
50%, shown in Table 19. 
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Table 19 - Summary of the strengths in all principal directions for the fibre bundle 
model with increasing vo lume fraction. 
Vf 
ax (MPa) Oy (MPa) Oz (MPa) Oyz (MPa) oxz (MPa) Oxy (MPa) (%) 
10.0 42.3 43.6 422.1 23.0 23.1 25.0 
19.0 43.1 45.7 793.6 24.3 24.4 26.4 
28.0 42.9 47.1 1164.9 25.9 25.7 26.1 
37.0 43.0 47.9 1536.1 27.4 27.1 25.7 
46.0 42.9 48.6 1907.2 29.6 28.0 25.6 
56.0 42.4 49.8 2278.1 31.7 28.9 26.5 
65.0 42.7 50.7 2648.9 32.4 28.9 28.4 
70.0 42.7 50.7 2834.2 32.3 28.3 29.4 
75.0 42.3 50.9 3037.3 32.1 28.3 30.9 
Table 20 • Summary of the failure strains in all principal directions for the fibre 
bundle model with increasing volume fraction. 
Vf (%) €x €y 
€z €yz €xz €xy 
10.0 1.08% 1.06% 1.70% 1.78% 1.78% 2.00% 
19.0 0.98% 1.00% 1.70% 1.64% 1.64% 1.88% 
28.0 0.86% 0.90% 1.70% 1.50% 1.50% 1.62% 
37.0 0.76% 0.82% 1.70% 1.38% 1.34% 1.36% 
46.0 0.66% 0.72% 1.70% 1.26% 1.18% 1.16% 
56.0 0.56% 0.64% 1.70% 1.14% 1.02% 1.00% 
65.0 0.48% 0.56% 1.70% 0.96% 0.84% 0.88% 
70.0 0.44% 0.52% 1.70% 0.86% 0.74% 0.84% 
75.0 0.40% 0.48% 1.70% 0.76% 0.66% 0.78% 
In general, a reduction in failure strain is observed in each principal direction with 
increasing volume fraction, as shown in Table 20. This is attributable to the 
increased fibre content and reduced matrix content, with the fibre having a lower 
strain to failure than the matrix material. The failure strain in the z-direction 
remained constant for all fibre bundle volume fractions, due to the fibre failure in 
the unit cell for this load case, as shown in Figure 107. The mechanical properties 
calculated for the fibre bundles in this section are passed up to the meso and 
macro scale for the remainder ofthe analysis contained in this chapter. 
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4.2 Mesoscale Modelling 
4.2.1 Bundle ineffective length 
The von Mises stress plots for the four models at 0.2% applied strain, prior to the 
onset of damage, are shown in Figure 113. Similar to the fibre ineffective length 
model (section 4.1 .2), stress builds up along the length of the fractured bundle, 
with the axial stress along the centre of the fractured bundle plotted in Figure 114. 
The fibre ineffective length was defined as the length over which 90% 
stress/strain recovery occurs in a broken fibre, and for consistency the bundle 
ineffective length has been defined using the same 90% threshold [135], plotted in 
Figure 114. 
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Figure 113 - von Mises stress plot at 0.2% applied strain for the four bundle 
ineffective length models. (Note: At 0.2% applied strain damage has yet to initiate 
in the models). 
The bundle ineffective lengths are calculated at 0.2% applied strain for 
consistency with the fibre ineffective length model. If the ineffective lengths were 
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calculated at greater applied strains, more than 0.6% once the onset of damage has 
occurred; it would be difficult to quantify the ineffective length as the stress 
transfer from the fractured bundle to the unbroken bundle becomes restricted as 
the matrix elements between the two bundles begin to fail under shear. This 
failure is shown in the damage progression plots for each model in Figure 115, 
with damage initiating at the site of the bundle fracture before propagating across 
the width of the model and causing the neighbouring bundle to fail. 
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Figure 114 - Axial stress plotted along the centre of the fractured bundle for each 
model at 0.2% applied strain. (Note: 90% threshold plotted to show the point at 
which the broken bundles have achieved 90% stress recovery). 
Figure 116 show the ineffective lengths for the four models, with a reduction in 
ineffective length observed with increasing bundle aspect ratio from model A to 
D. For a circular cross-section bundle (model A) the ineffective length is 
predicted to be 15mm, but when the aspect ratio of the bundle is increased this 
drops by over 50% down to 7mm for model D. As the aspect ratio of the bundle 
was increased, the contact area between bundle and matrix also increased by 
approximately 470%, from model A to model D, allowing the bundle to recover 
stress more efficiently from the site of the simulated fracture, providing a 
reduction in bundle ineffective length. 
In a discontinuous composite material, a significant number of bundle ends will 
be found as the bundles are chopped to create the component. The discontinuity at 
the bundle ends will be similar to the fractured bundles in this analysis, and 
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reducing the ineffective length of the bundles by increasing the bundle aspect ratio 
will improve the load carrying capabilities of the material. The ultimate tensile 
strength (UTS) of the models was unaffected by the increase in aspect ratio of the 
bundles in this study as the damage initiated in the matrix material at the site of 
the bundle fracture. 
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Figure 115 - Plan view of damage progression plots for bundle ineffective length 
models - letter refers to the aspect ratio of the bundles, shown in Table 13. (Note: 
The value next to each plot denotes the applied strain on the model). Undamaged 
elements (blue), plastic elements (green) and damaged elements (red). 
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Figure 116 - Ineffective bundle lengths plotted against the aspect ratios for the 
four fibre bundle cross-sections (A to D - left to right) considered in the analysis. 
The ineffective length values obtained in this analysis (Figure 116) suggest that if 
short fibre lengths are used in a discontinuous composite material, then the stress 
in the fibre will never achieve 90% recovery from the discontinuity at the fibre 
end. An aspect ratio of lOis typical of a 12k bundle, based on microscopy 
measurements by Schubel et al [224] , therefore bundle ineffective lengths of 
approximately II mm would be expected for the constituents modelled in this 
analysis. If shorter bundle lengths are used there will be a reduction in the 
stiffuess and strength of the material, with longer bundle lengths desirable, greater 
than 22mm (two times the bundle ineffective length) for a 12k tow, to improve the 
mechanical properties of the discontinuous composite. 
The axial stress along the length of the unbroken bundle is plotted in Figure 117. 
Around the site of the bundle fracture, the unbroken bundle experiences elevated 
stress levels as it is responsible for carrying the stress overload created from the 
bundle fracture. 
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Figure 117 - Axial stress plotted along the length of the unbroken fibre bundle for 
each model at 0.2% applied strain. 
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SCFs were calculated in the unbroken bundle for each model by dividing the peak 
stress in the bundle by the far field axial stress (-80mm along the bundle length), 
with the results presented in Figure 118. A decrease in SCF was found as the 
aspect ratio of the bundle was increased; however, the far field axial stress in the 
bundle did increase as the bundle aspect ratio was increased. This analysis has 
shown that if the aspect ratio of the bundle is increased, the distribution of the 
overload in stress caused by the bundle fracture is more uniform along the bundle 
length, which makes the possibility of a second fracture occurring in the unbroken 
bundle less likely. 
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Figure 118 - Stress concentration factors (SCFs) obtained in the unbroken 
bundles. 
The SCF values obtained in this study (Figure 118) have shown that the bundle 
aspect ratio influences the peak stresses observed in a bundle neighbouring a 
fractured bundle, or bundle end. The bundle aspect ratio can vary greatly across a 
discontinuous component at the macro scale, which can lead to greater SCFs being 
found in bundles with low aspect ratios. At the macro scale, the model is limited as 
the fibre bundles are represented by beam elements with a constant circular cross 
section. Therefore, as the SCFs calculated in this analysis are based on the bundle 
cross-sectional shape, they are unable to be carried forward. It is acknowledged 
that, according to the results in this study, this may be a source of error in the 
mechanical property predictions at the macro scale. 
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4.2.2 Bundle interaction 
The results in this section are split into three parts. The first part calculates the 
contribution of an individual fibre bundle, at a range of orientations, on the 
modulus predictions of the unit cell. Using the contributions of the individual 
bundles at a range of orientations, a prediction is made for the modulus of a unit 
cell containing two fibre bundles. In the second part of this section, two bundles 
are modelled in the unit cell to calculate the actual modulus of the unit cell, with 
the difference between the predicted and actual modulus calculated to allow the 
influence of the SCFs induced by the interaction of the bundles to be quantified. 
The final part of this section assesses the influence of bundle separation distance 
on the SCFs found in the bundles in the unit cell. 
4.2.2.1 Single bundle model 
One fibre bundle was considered initially in this analysis and the modulus of the 
unit cell calculated for all bundle orientations, with the results presented in Table 
21. The contribution of the fibre bundle to the modulus of the unit cell has been 
calculated by subtracting the modulus of the matrix, 3350MPa, from the modulus 
of the unit cell containing the single fibre bundle. 
Using the contribution of the single fibre bundle to the modulus of the unit cell, a 
modulus prediction has been made for a unit cell containing two fibre bundles, 
shown in Table 22. To calculate the predicted modulus of the unit cells the 
contribution of the two bundles in the single bundle models have been added to 
the matrix modulus. For example, the 0° /45° model is calculated using the values 
in Table 21 as follows; 3350MPa + 539.57MPa + 196.20MPa = 4085.77MPa. 
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Table 21 - Modulus of unit cells containing only one fibre bundle at all bundle 
orientations loaded in the longitudinal direction. 
Bundle Modulus of unit Contribution of the fibre bundle to 
Orientation cell (MPa) the modulus ofthe unit cell (MPa) 
0° 3889.57 (3889.57 - 3350) = 539.57 
15° 3863.88 (3863.88 - 3350) = 513.88 
30° 3680.53 (3680.53 - 3350) = 330.53 
45° 3546.20 (3546.20 - 3350) = 196.20 
60° 3498.80 (3498.80 - 3350) = 148.80 
75° 3486.21 (3486.21 - 3350) = 136.21 
90° 3480.56 (3480.56 - 3350) = 130.56 
Table 22 - Predicted modulus for the unit cell containing two fibre bundles. 
Bundle Predicted modulus of unit cell 
Orientation containing two fibre bundles (MPa) 
0° I 0° 4429.13 
0° 115° 4403.45 
0° 130° 4220.10 
0° 145° 4085.77 
0° 160° 4038.37 
0° / 75° 4025.78 
0° 190° 4020.12 
4.2.2.2 Two bundle model 
The modulus of the unit cell containing two fibre bundles has been determined for 
all angular orientations of bundle 2, shown in Figure 69, for cP = 0° to 90°, with 
the results presented in Table 23. The actual modulus and predicted modulus 
values are plotted in Figure 119. It was found that the unit cell which contained 
two fibre bundles had a lower modulus than the predictions from the one bundle 
models, for the full range of angular orientations considered in this analysis. The 
mean difference between the modulus predictions was 1.60% across the full range 
of angular orientations considered, as shown in Table 23, with this analysis only 
considering one bundle-to-bundle interaction at low fibre volume fraction (-1.0% 
Vr). 
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Table 23 - Predicted modulus of the unit cells compared to the actual modulus of 
the unit cells containing two fibre bundles. 
Bundle Predicted modulus of unit ceU Actual modulus of unit cell 
Orientation containing 2 bundles (MPa) containing 2 bundles (MPa) 
0° / 0° 4429.13 4320.45 
0° / 15° 4403.45 4290.93 
0° / 30° 4220.10 4177.90 
0° / 45° 4085.77 4038.87 
0° / 60° 4038.37 3981.93 
0° / 75° 4025.78 3975.38 
0° / 90° 4020.12 3972.76 
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Figure 119 - Comparison of the predicted modulus of the unit cell plotted against 
the modulus of the unit cell containing two fibre bundles. 
A sample damage plot is shown in Figure 120 (left) for the 45° orientation model, 
with the plot typical of the other orientations considered in the analysis. The 
matrix region that surrounds the fibre bundles in the centre of the unit cell remains 
undamaged throughout the analysis, with damage initiated at the site of the bundle 
ends. The damage then propagates across the width of the model before causing 
final failure of the unit cell. In addition to the damage plot, a sample stress plot 
can also be seen in Figure 120 (right) to show visually the stress distribution along 
the bundle lengths. 
The stress in the centre of the unit cell, directly between the points of bundle 
crossover, is shown in Figure 121. As bundle 2 was rotated from 0° to 90° the 
stress gradually increased in the centre of the unit cell from 10.99MPa to 
12.36MPa, an increase of 12.42%. The area of bundle overlap decreases in the 
models as bundle 2 is rotated; therefore a smaller region of matrix material is 
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responsible for transferring the load between the bundles, which results in the 
increased stresses in the centre of the model. Whilst the increase in stress in the 
centre of the models is significant, the magnitude of the stresses is unlikely to 
cause failure in the current model as there is a large volume of unreinforced 
matrix surrounding the fibre bundles. However, if the number of fibres in the 
model was to increase and the homogeneity improved, these elevated stresses 
could cause failure of the model. The damage in the models initiate at the bundle 
ends, with Figure 122 showing the stress at the end of bundle I at 0.5% applied 
strain, for all the angular orientations considered in the analysis. 
00 / 5 0 Orientation :'.fode1 
Figure 120 - Damage plot for the unit cell (left) and von Mises stress plot in the 
fibre bundles (right) for the 0°/45° model at 2.0% applied strain. For the damage 
plot; undamaged elements (blue), plastic elements (green) and damaged elements 
(red). 
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Figure 121 - Stress in the centre ofthe matrix (denoted by red circle in diagram) 
between the two fibre bundles at 0.5% applied strain. 
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Figure 122 - Peak stress in the matrix between the two fibre bundles at the end of 
bundle 1 (denoted by red circles in diagram) at 0.5% applied strain. 
Elevated stress levels were observed at the bundle ends, which was consistent 
with the findings in [139] where strain concentrations have been found at fibre 
ends in short fibre composite materials. The size of the stress concentrations 
found at the bundle ends, shown in Figure 122, is a function of the bundle 
orientation and it is at its greatest when the fibres are aligned to the loading 
direction in the 0° orientation model. As a discontinuous material is highly 
heterogeneous, if a matrix rich region is present in the composite, with multiple 
bundle ends, then this site is likely to experience high stress concentrations which 
could cause premature failure of the material. It is therefore important to ensure 
that good fibre bundle coverage is achieved in the manufacturing ofthe material if 
discontinuous composites are to be used for structural applications. 
The stress along the length of the centre of the fibre bundles in the unit cell was 
monitored in the analysis to calculate SCFs in bundle 1 induced by the orientation 
of bundle 2 as it was rotated from 0° to 90°, with the stress profiles along the 
bundle lengths shown in Figure 123. Bundle 1 carried a greater load as the 
principal axis of bundle 2 was rotated away from the direction of loading, with the 
peak stress values found in the centre of bundle I shown in Table 24. The peak 
stress found in the single bundle models in Table 2 1 was 539.57MPa when bundle 
1 was aligned to the direction of loading. SCFs in bundle 1 were calculated based 
on the increase in stress in bundle 1 with the incremental change in orientation of 
bundle 2 from 0° to 90°, using the stress in bundle 1 at 0° in the single bundle 
model as the benchmark, with the SCFs plotted in Figure 124. 
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Figure 123 - Axial stress along the length of the fibre bundles at 0.5% applied 
strain. (Note: Blue line denotes stress along the 0° bundle and the red line shows 
the stress along the incrementally rotated bundle). 
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Table 24 - Summary of peak stress values and SCFs in bundle 1 for all 
orientations at 0.5% applied strain. (Note: The benchmark stress for SCF 
calculations is 539.57MPa). 
Model Peak Stress in SCF Ref. Bundle 1 (MPa) 
0 492.435 NoSCF 
15 516.208 NoSCF 
30 551.342 1.0218 
45 570.631 1.0576 
60 580.714 1.0763 
75 582.619 1.0798 
90 584.952 1.0841 
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Figure 124 - SCFs in bundle 1 based on the angular orientation of bundle 2. 
From this analysis it was found that bundle 1 can experience an increase in peak 
stress of up to 8.41 %, which was observed when bundle 2 was oriented at 90° 
from bundle 1. When the orientation of bundle 2 is at 45° in the model, common 
in the random orientation in discontinuous materials, the SCF experienced by 
bundle 1 is 1.0576, shown in Figure 124. This could lead to bundle failures at 
higher levels of applied strain in models with a greater fibre volume fraction, 
which will inherently lead to a reduction in strength of the material. 
Analytical models that are typically used to predict the modulus of discontinuous 
materials do not account for the interactions between the bundles [50, 225, 226], 
which leads to inaccuracies when predicting the mechanical properties of the 
material. It has been found in other studies that for components manufactured 
using discontinuous composites with volume fractions approaching 55% V f, the 
contribution of the interaction of the overlapping bundles can reach up to 34.5% 
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when determining the mechanical properties of the material [43]. The results from 
this analysis have further highlighted the deficiencies in existing analytical 
models, with the interaction between bundles critical when calculating the 
modulus and strength of discontinuous materials. 
4.2.2.3 Bundle separation distance 
The distance between the fibre bundles has been varied in this section, to 
determine the influence of inter-bundle distance on the mechanical properties of 
the unit cell. Five separation distances (d, see Figure 68) have been considered ; 
0.20, 0.60, 1.20, 1.70 and 2.20mm, with models at each separation distance 
produced for all bundle orientations from <I> = 0° to 90°. The modulus values 
obtained for the unit cells at the five separation distances are shown in Figure 125. 
By reducing the separation distance between the fibre bundles from 2.20mm to 
0.20mm, the modulus of the unit cell increased for the full range of bundle 
orientations considered in this analysis. An increase in modulus of 1.96% was 
observed for the 0%° model, with an increase of 1.93% observed when the 
bundles were orientated at 0°/90°. The variation in modulus was relatively 
constant across the full range of orientations as the separation distance was 
reduced from 2.20mm to 0.20mm. 
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Figure 125 - Modulus variation in the unit cell for the five separation distances. 
This slight increase in modulus is consistent with the findings in [43] where the 
separation distance between two perpendicular fibres was reduced from 5 to 1.05 
fibre diameters, which provided an increase in modulus of 0.16% for the unit cell. 
Twenty interacting fibre pairs were also considered in the study by Pan et al [43], 
with an increase of modulus of 1.24% observed when reducing the inter-fibre 
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distance from 1.5 to 1.05 fibre diameters. Isotropic glass fibres with a circular 
profile were modelled in the analysis in [43]. with Young's modulus values of 
700Pa and 10Pa used for the fibre and matrix, respectively. There was a greater 
percentage increase in modulus of the unit cell in this analysis, when compared 
directly to the study in [43]; attributable to the greater difference in mechanical 
properties of the materials used and the higher fibre volume fraction of the unit 
cell. 
As the separation distance between the bundles was decreased an increase in the 
peak stress in bundle 1 was observed. with the values shown in Table 25. The 
peak stress found in the single bundle models in Table 21 was 539.57MPa and 
this stress was again used as the benchmark, with the SCFs obtained in bundle I 
across the range of separations and orientations plotted in Figure 126. There was 
an increase in SCF with decreasing separation distance between the fibre bundles, 
with the peak SCF value of 1.0964 found when the two bundles were orientated at 
0°/90° at a separation distance of 0.20mm in the unit cell. At high volume 
fractions in macro scale component, the bundle separation distance is likely to be 
even smaller « 0.20mm), potentially leading to even higher SCF in the bundles 
and further reducing the mechanical properties ofthe discontinuous composite. 
Table 25 - Peak stress values (MPa) found in bundle 1 as the separation distance 
between the bundles was reduced for the full range of orientations from 0° to 90°. 
Model Separation Distance, d (mm) 
Ref. 2.20 1.70 1.20 0.60 0.20 
0 480.10 485.39 486.26 492.44 496.26 
15 499.39 508.66 513.81 516.21 519.70 
30 519.15 533.03 542.43 551.34 557.13 
45 524.65 542.96 557.00 570.63 577.96 
60 528.46 550.54 565.82 580.71 588.77 
75 531.99 554.25 570.30 582.62 590.23 
90 535.71 557.66 573.01 584.95 591.56 
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Figure 126 - SCFs in bundle I with varying separation distance and orientation. 
The analysis contained in this section has shown that the interaction between 
bundles cannot be neglected when calculating the mechanical properties of the 
material at the macro scale. Both the in-plane orientation and separation distance 
directly influence the SCF observed in the bundle aligned to the direction of 
loading (bundle 1). At high volume fractions, the impact of the SCFs can lead to 
reductions in the mechanical properties of the discontinuous composite, therefore 
the influence of the SCFs needs to be captured. The developed macroscale model 
has 2D fibre bundle architectures, with the SCFs used to reduce the stitfuess of 
the bundle elements at the point of bundle intersection to account for the 3D 
interaction between the bundles at the crossover point. The SCF values shown in 
Figure 126 have been used to develop a stiffness reduction scheme at the 
macroscale which is fully detailed in section 3.5.4. 
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4.3 Macroscale Modelling 
The developed macro scale model (detailed fully in section 3.5) has been used to 
predict the mechanical properties of discontinuous composite materials. The 
models are benchrnarked initially in section 4.3.1 against an existing 20 model 
that uses the embedded element technique to calculate the modulus and strength 
of the material [68]. For this study the interface between the fibre bundle and 
matrix is assumed to be perfect, with no debonding permitted between the bundles 
and matrix materials. 
The second study looks at the influence of the interface on the mechanical 
property predictions of the macroscale model - section 4.3.2. The influence of 
interfacial stiffuess and interfacial shear strength are evaluated at a range of fibre 
bundle lengths and volume fractions. SCFs are then introduced at the bundle 
intersections in section 4.3.3 to assess the impact of these reductions on the 
mechanical properties of the unit cell. The FE results obtained are then compared 
to experimental data and existing analytical models for discontinuous composites 
in section 4.3.4. 
4.3.1 Comparison to embedded element model 
This study compares the results obtained from the developed macro scale model to 
FE results from the embedded element model [68]. Identical fibre bundle 
architectures were generated for both models, embedded and free mesh, and the 
modulus and strength of each was then directly compared. Periodic boundary 
conditions were imposed on the models, with all models loaded in x, y and xy 
directions. Two different fibre bundle lengths were considered in this analysis, 
with the cell size kept constant for both models at 50x50x3.Smm. 
Modell had a fibre bundle length of Smm and model 2 had a bundle length of 
25mm. Fibre volume fractions of 10%, 30% and 50% were considered with the 
bundle architectures for the models shown in Figure 127. The bundle size was set 
to 12k filaments for both models; with a global element size ofO.S used to mesh 
the models. For this study, no failure was permitted in the interface between 
bundle and matrix materials, with a penalty stiffuess of 106 N/mm3 used to define 
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the connector stiffuess in the models. Failure of the connector elements at the 
interface will be introduced in section 4.3.2. 
Modell - 5mm bundle length 
The results obtained from the FE analysis for the mechanical properties of the free 
mesh and embedded element unit cells are presented in Table 26. At low fibre 
volume fractions (10% Vr) good agreement was found between the free mesh 
model and the embedded element model when predicting the modulus and 
strength of the unit cell for each load case. The modulus predictions, averaged 
across the three load cases, were within 3.01 % and the strength predictions varied 
by 4.15%. At 30% V r, the mechanical property predictions for the two models 
were again similar, with 9.80% and 8.83% average variation observed between 
the free mesh and embedded models across the three load cases for the modulus 
and strength, respectively. A further increase in volume fraction, up to 50% V r, 
saw a greater difference in the mechanical property prediction for the free mesh 
and embedded element unit cells, with average modulus and strength variations of 
13.16% and 19.41%, respectively. 
Table 26 - 5mm bundle length free mesh comparison with embedded element 
models 
Modulus Strength 
Model Vc x (GPa) y (GPa) xy (GPa) x (MPa) y(MPa) xy(MPa) Type (%) 
Free Mesh 10 5.580 5.517 1.978 34.622 35.094 19.805 
Embedded 10 5.780 5.677 2.034 34.434 33.401 18.537 
Free Mesh 30 12.345 12.763 4.447 51.424 57.217 29.774 
Embedded 30 13.716 14.155 4.918 58.243 64.510 30.847 
Free Mesh 50 21.980 23.119 8.243 150.008 151.399 73.317 
Embedded 50 25.403 26.552 9.483 184.021 187.183 92.368 
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Figure 127 - Fibre bundle architectures for the embedded and free mesh models, 
with 5mm bundle length (left) and 25mm bundle length (right). Cell size is 
50x50x3.5mm and a 12k bundle size is used. From top to bottom the fibre volume 
fractions are 10%, 30% and 50%, respectively. (Note: Red fibre bundles have 
been cropped when imposing periodicity on the unit cell). 
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Model 2 - 25mm bundle length 
The results obtained from the FE analysis for the mechanical properties of the 
25mm bundle length unit cells are presented in Table 27. The increase in bundle 
length from 5mm to 25mm saw a reduction in the variation of the predictions for 
the mechanical properties between the free mesh and embedded element models. 
The predictions for the modulus and strength were consistent across all volume 
fractions, with the models having good agreement for all three load cases. The 
average variation in modulus and strength, across all volume fractions, for all of 
the 25mm bundle length models was 1.85% and 1.93%, respectively. 
Table 27 - 25mm bundle length free mesh comparison with embedded element 
models 
Modulus Strength 
Model Vr x (GPa) y (GPa) xy (GPa) x (MPa) y(MPa) xy(MPa) Type (%) 
Free Mesh 10 8.790 7.591 3.477 60.647 44.775 29.566 
Embedded 10 8.921 7.699 3.541 61.528 47.060 29.800 
Free Mesh 30 21.086 23.114 8.378 184.033 173.877 87.807 
Embedded 30 21.460 23.543 8.528 185.824 167.785 87.171 
Free Mesh 50 34.381 36.538 13.389 264.066 355.227 133.142 
Embedded 50 35.206 37.353 13.680 259.125 359.464 130.707 
For longer bundle lengths (25mm) good agreement was found between the free 
mesh and embedded element m o d e ~ ~ with a comparison of the von Mises stress 
plots for the x-direction load case at 50% Vr shown in Figure 128. The stress 
distribution in both models is almost identical and the images to the right of 
Figure 128 show the stress profiles along the length of the fibres in the models. 
The mesh boundaries have been removed in the images to improve the clarity of 
the stress plots as the mesh is very fine across the model boundary. The von Mises 
stress plots for the shorter bundle length (Smm), for the 50% V r free mesh and 
embedded element models, are shown in Figure 129. The stress distribution across 
the models (left, Figure 129) is again similar for both the embedded and free mesh 
models, however larger stresses were found along the length of the fibres in the 
embedded model when compared to the free mesh model (right, Figure 129). 
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The embedding of the fibres in the matrix material increases the modulus of the 
unit cell for each load case, at both fibre bundle lengths, across the range of 
volume fractions considered. The idealisation that the fibre bundles are embedded 
in the matrix leads to an over-estimation of the modulus of the material as the 
bundle elements are hosted by the resin elements, which also does not allow 
interfacial failures to be accounted for - a common failure mechanism at shorter 
bundle lengths. For the 5mm bundle length, more bundle segments are present in 
the model to provide the desired fibre volume fraction, as seen in Figure 127. This 
leads to an increased number of fibre bundle elements being hosted by the same 
matrix element, thus leading to the increased modulus prediction. The free mesh 
model meshes around the bundles to create the matrix elements, therefore it is 
expected that the modulus prediction of the free mesh model is more 
representative of the discontinuous material. 
For the 25mm bundle length model, the failure of the model could be brought 
from the periodicity and imposed cropping of the bundles in the unit cell. The 
randomness of the fibre bundle distribution has been lost in the model as the fibre 
bundle density is higher around the model boundary when compared to the centre 
of the model. To overcome this problem Saint-Venant's principle has been used 
by some authors [149, 189], as discussed in section 2.5.3, to average the stresses 
and deformations across an inner sub-domain which is a prescribed distance from 
the model boundary. The use of Saint-Venant's principle, however, was not 
possible for the developed macroscale model due to the use of the connector 
elements at bundle-matrix interface and the unstructured free-mesh across the 
model boundary. 
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Figure 128 - Comparison of von Mises stress plots for 50% V f 25mm bundle 
length free mesh and embedded element models, at 0.25% applied strain in the x-
direction. (Top left - embedded element model; top right - embedded element 
model (fibres only); bottom left - free mesh model; and bottom right - free mesh 
model (fibres only). Note: Full plot images (left) and fibre plot images (right) are 
scaled to the same peak stresses of 40MPa and 650MPa, respectively. 
185 
Chapter 4 - Results 
Figure 129 - Comparison of von Mises stress plots for 50% V f 5mm bundle 
length free mesh and embedded element models, at 0.25% applied strain in the x-
direction. (Top left - embedded element model; top right - embedded element 
model (fibres only); bottom left - free mesh model; and bottom right - free mesh 
model (fibres only). Note: Full plot images (left) and fibre plot images (right) are 
scaled to the same peak stresses of 40MPa and 500MPa, respectively. 
Damage initiation and progression was monitored in the models to allow the 
determination of the strength of the unit cells. Figure 130 and Figure 131 show the 
damage plots at 2.5% applied strain in the x-direction for the 25mm and 5mm 
bundle length models, respectively. For the 25mm bundle length models, 
embedded and free mesh, the damage initiates in the resin rich region in the centre 
of the unit cell, before propagating vertically to the unit cell boundary. The 
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strength prediction for the 25mm bundle length free mesh model is within 1.9% of 
the prediction from the embedded element model, shown in Table 27. However, 
for the Smm bundle length models (Figure 131) the damage plots for the 
embedded and free mesh models are less similar, with a difference in failure 
strength prediction of 18.5% observed, see Table 26. 
Figure 130 - Comparison of damage plots for 25mm bundle length free mesh and 
embedded element models at 2.5% applied strain for the 50% V f models. (Top left 
- embedded element model; top right - embedded element model (fibres only); 
bottom left - free mesh model; and bottom right - free mesh model (fibres only). 
Note: undamaged elements (blue), plastic elements (green) and damaged elements 
(red). 
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Figure 131 - Comparison of damage plots for 5mm bundle length free mesh and 
embedded element models at 2.5% applied strain for the 50% V r mod Is. (Top left 
- embedded element model ; top right - embedded element model (fibre only) ; 
bottom left - free mesh model ; and bottom right - free mesh model (fibres only). 
Note: undamaged elements (blue), plastic elements (green) and damaged elements 
(red). 
This study has benchmarked the mechanical property predictions from the free 
mesh model developed against the embedded element model developed in [68]. 
Good agreement was found between the embedded and free mesh models for the 
mechanical property prediction at longer fibre lengths (25mrn), however at shorter 
bundle lengths (5mm) the embedded element model predicted higher modulus and 
strength values for the unit cell. 
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4.3.2 Influence of the interface 
To attempt to improve the strength predictions of the free mesh model the 
influence of the interfacial parameters has been investigated in this section. Two 
studies have been conducted. The first study looks at the influence of the stiffuess 
of the interface on the modulus predictions of the unit cell- section 4.3.2.1. The 
second study allows failure of the connector elements at the interface between the 
bundle and matrix materials. The interfacial shear strength (ISS) is varied to 
quantify the influence of the ISS on the strength predictions of the free mesh 
model - section 4.3.2.2. The same fibre bundle architectures used in section 4.3.1 
are considered in this study, shown in Figure 127, to allow direct comparisons to 
be made to models without interfacial failure to determine the influence of the ISS 
on the strength predictions of the unit cell. 
4.3.2.1 Interface stiffness 
Three interfacial stiffness values of IOe6, lOe9 and IOe l2 N/mmJ were considered 
in this analysis. The modulus values obtained for the 5mm and 25mm bundle 
length unit cells are shown in Table 28 and Table 29, respectively. It was found 
that by increasing the interface stiffuess from IOe6 to IOe9 N/mmJ there was a 
slight increase in modulus of the unit cell, but this increase in modulus was less 
than 0.15% across the full range of volume fractions for both bundle lengths. A 
further increase in interfacial stiffness from 10e9 to 10e12 N/mmJ saw no further 
increase in the modulus of the unit cells. 
Turon et al [123] found that the interface stiffness should be large enough to 
provide a reasonable stiffness but small enough to avoid numerical instabilities, 
such as spurious oscillations of the tractions in a connector or cohesive element. 
In this analysis the FE results converged to provide a solution, however as the 
interfacial stiffuess was increased there was an increase in the number of 
equilibrium iterations required for each load increment. Based on the findings in 
this section and for consistency with the results presented in section 4.3.1, an 
interfacial penalty stiffness value of 10e6 N/mm3 will be used for the remainder of 
the analysis contained in this thesis. 
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Table 28 - Modulus of 5mm bundle length unit cells with varying interfacial 
stiffhess. 
Interface Stiffness V,(%) x (GPa) y (GPa) xy (GPa) (N/mm3) 
106 10 5.5801 5.5168 1.9782 
109 10 5.5824 5.5183 1.9789 
1012 10 5.5824 5.5183 1.9789 
106 30 12.3452 12.7628 4.4470 
109 30 12.3563 12.7779 4.4517 
1012 30 12.3563 12.7779 4.4517 
106 50 21.9804 23.1195 8.2426 
109 50 22.0127 23.1408 8.2549 
1012 50 22.0127 23.1408 8.2549 
Table 29 - Modulus of25mm bundle length unit cells with varying interfacial 
stiffhess. 
Interface Stiffness Vd%) x (GPa) y(GPa) xy (GPa) (N/mm3) 
106 10 8.7904 7.5907 3.4770 
109 10 8.7940 7.5933 3.4784 
1012 10 8.7940 7.5933 3.4784 
106 30 21.0859 23.1144 8.3781 
109 30 21.0964 23.1277 8.3824 
1012 30 21.0964 23.1277 8.3824 
106 50 34.3813 36.5380 13.3894 
109 50 34.3989 36.5608 13.3961 
1012 50 34.3989 36.5608 13.3961 
4.3.2.2 Interface shear strength 
Failure at the interface between the bundle and matrix material was permitted in 
this section to attempt to improve the strength predictions of the free mesh model. 
The fibre bundle architectures in Figure 127 were used to allow comparisons to be 
made when predicting the strength of the unit cells. Three interfacial shear 
strength values were considered - 10MPa, 23.1MPa and 40MPa - based on the 
fmdings in section 3.5.3.2. 
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Table 30 and Table 31 present the strength predictions obtained for the 5mm and 
25mm bundle length models, respectively. At low fibre volume fractions, for the 
5mm and 25mm bundle length models, the interfacial shear strength (ISS) had 
little influence on the strength predictions of the unit cell, as the failure was 
initiated in the matrix region between the fibre bundles. When the fibre volume 
fraction was increased to 30%, the ISS began to dictate the strength of the unit 
cell. For the 5mm bundle length model (Table 30), when the ISS was at 40MPa 
the strength prediction of the unit cell was identical to the strength prediction 
when failure in the interface was not permitted. An average reduction in strength 
of 4.11 % for the unit cell was observed, across all three load cases, as the ISS was 
reduced to 23.1MPa and then to 10MPa. 
The influence of the interface became even more apparent at 50% volume fraction 
for the 5mm bundle length models, shown in Table 30, as the contact surface area 
between the bundles and matrix materials increased. For the models with an ISS 
of23.1MPa, an average reduction in strength of 15.90% was observed across the 
three load cases. This reduction in strength increased significantly to 40.51 % as 
the ISS was reduced further still to 10MPa. 
The damage plots for the 50% V f 5mm bundle length models loaded in the x-
direction, with varying ISS, are shown in Figure 132. When the ISS was set to 
10MPa, it can be seen that there was little fibre bundle failure in the models (right, 
Figure 132). As the ISS was low, the fibre bundles began to debond from the 
matrix material and consequently were unable to carry any load applied to the unit 
cell - leading to the reduction in failure strength of the unit cell. As the ISS was 
increased from lOMPa to 23.1MPa, and then further still to 40MPa, there was an 
increase in the number of bundle failures in the models, as there was less 
debonding between the bundle and matrix materials as the failure mechanism 
changed from bundle pull-out to bundle fracture. A strong interface allows the 
fibre bundles to continue to carry the load applied to the unit cell, which 
inherently leads to a higher material strength. 
The interface had less influence on the strength predictions of the 25mm bundle 
length models, shown in Table 31. The force required to initiate debonding 
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between the bundle and matrix materials is proportional to the length of the fibre 
bundle encapsulated in the material, shown in Equation 36 and detailed in Table 
14. Therefore the force required to initiate debonding in the connector elements 
for the 25mm bundle length models was five times greater than for the 5mm 
bundle length models. This resulted in no debonding 0 f the bundles and matrix in 
the models when the ISS was set at 23.1MPa and 40MPa, with a small amount of 
debonding occurring when the ISS was reduced to its minimum value, 10MPa, 
where a small reduction in strength was observed - see Table 31 . 
The damage plots for the 50% Vr 25mm bundle length models loaded in the x-
direction, with varying ISS, are shown in Figure 133. As there is little change in 
the strength of the models, even at an ISS of 10MPa, the damage plots are almost 
identical for all the models. 
Table 30 - Strength of 5mm bundle length unit cells with varying interfacial shear 
strength (ISS). (Note: Modulus did not vary as the penalty stiffuess was kept 
constant). 
Interface Shear Vr (%) x (MPa) y (MPa) xy(MPa) Strength (MPa) 
No Failure 10 34.622 35.094 19.805 
40.0 10 34.622 35.094 19.805 
23.1 10 34.622 35.094 19.805 
10.0 10 34.454 34.817 19.650 
No Failure 30 51.424 57.217 29.774 
40.0 30 51.424 57.217 29.774 
23.1 30 51.380 56.529 29.774 
10.0 30 48.943 53.644 29.398 
No Failure 50 150.008 151.399 66.376 
40.0 50 145.560 151.399 66.376 
23.1 50 126.299 126.089 62.186 
10.0 50 79.752 83.205 51.573 
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Table 31 - Strength of25mm bundle length unit cells with varying interfacial 
shear strength (ISS). (Note: Modulus did not vary as the penalty stifihess was kept 
constant). 
Interface Shear Vf (%) x (MPa) y(MPa) xy (MPa) Strength (MPa) 
No Failure 10 60.647 44.775 29.566 
40.0 10 60.647 44.775 29.566 
23.1 10 60.647 44.775 29.566 
10.0 10 59.471 44.775 28.911 
No Failure 30 184.033 173.877 87.807 
40.0 30 184.033 173.877 87.807 
23.1 30 184.033 173.877 87.807 
10.0 30 181.134 162.437 86.305 
No Failure 50 264.066 355.227 133.142 
40.0 50 264.066 355.227 133.142 
23.1 50 264.066 355.227 133.142 
10.0 50 263.523 314.341 132.522 
This study has shown the importance of the ISS between bundles and matrix 
materials when determining the strength of discontinuous composite materials, 
particularly at shorter fibre bundle lengths (-5mm). If there is a weak interface 
(-lOMPa) between the bundle and matrix materials then the strength of the 
material can reduce by up to 40010 at high volume fractions (50% V r) when 
compared to models with a strong ISS (-40MPa). The interface had less influence 
on the strength predictions of the unit cell as the bundle length was increased 
(-25mm), as the force required to initiate debonding was much larger due to the 
increase in the encapsulated bundle length - see section 3.5.3.2. 
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Figure 132 - Damage plots for 5mm bundle length free mesh models at 2.5% 
applied strain for the 50% V f models with varying interfacial shear strength. Top -
10MPa, middle - 23.lMPa, and bottom - 40MPa. Note: undamaged elements 
(blue), plastic elements (green) and damaged elements (red). 
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Figure 133 - Damage plots for 25mm bundle length free mesh models at 2.5% 
applied strain for the 50% V f models with varying interfacial shear strength. Top -
10MPa, middle - 23.IMPa, and bottom - 40MPa. Note: undamaged elements 
(blue), plastic elements (green) and damaged elements (red). 
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4.3.3 Influence of SCFs at bundle intersections 
This section presents the results for the two models, 5mm and 25mm bundle 
lengths with interfacial debonding between bundle and matrix, with the SCFs 
calculated in section 3.5.4 incorporated into the analysis. The number of 
intersections in each model, for all the volume fractions considered in this 
analysis, is shown in Table 32. At the point of the bundle intersections, the 
elements either side of the intersection (Figure 85) have their mechanical 
properties reduced by the values given in Table 16. 
Table 32 - Number of intersections with varying bundle length and volume 
fraction. 
Bundle Length VrJ%) Number of Intersections 
5mm 10 463 
25mm 10 476 
Smm 30 4,194 
25mm 30 4,375 
5mm 50 11,575 
25mm 50 12,518 
The modulus and strength values obtained from FE analysis for the 5mm and 
25mm bundle length models are shown in Table 33 and Table 34, respectively. At 
low fibre volume fractions (10% V r) for both bundle lengths, the SCFs at the 
bundle intersections had little influence on the modulus «2%) and strength 
«0.5%) predictions of the unit cell; attributable to the low number of 
intersections, shown in Table 32. 
As the fibre volume fraction of the unit cell was increased to 30% Vr, the 
difference in the modulus and strength predictions of the models with SCFs and 
those without increased. For the 5mm bundle length model, the modulus 
predictions were 5.1 % lower with the introduction of the SCFs, with an average 
strength reduction of approximately 1.5% across the load cases. This difference 
increased further still for the 25mm bundle length model, with an average 
reduction in modulus of 5.9% across the three load cases with the introduction of 
the SCFs, however there was little reduction in the strength for the 25mm bundle 
model (-0.5%) at 30% Vr. 
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Table 33 - SCF modulus and strength values for the 5mm bundle length model. 
M d I o u us S h trengtl 
Model Vf x (GPa) y (GPa) xy (GPa) x (MPa) y(MPa) xy (MPa) Reference (%) 
SCF 10 5.507 5.451 1.958 34.781 35.200 19.914 
NoSCF 10 5.580 5.517 1.978 34.622 35.094 19.805 
SCF 30 11.708 12.084 4.230 51.478 54.957 29.239 
NoSCF 30 12.345 12.763 4.447 51.380 56.529 29.774 
SCF 50 20.362 21.401 7.650 122.047 117.287 61.584 
NoSCF 50 21.980 23.119 8.243 126.299 126.089 62.186 
Table 34 - SCF modulus and strength values for the 25mm bundle length model. 
Modulus Strength 
Model Vf 
x (GPa) y (GPa) xy (GPa) x (MPa) y(MPa) xy (MPa) Reference (%) 
SCF 10 8.533 7.415 3.381 60.923 44.824 29.556 
NoSCF 10 8.790 7.591 3.477 60.647 44.775 29.566 
SCF 30 19.914 21.816 7.835 183.685 172.976 87.371 
NoSCF 30 21.086 23.114 8.378 184.033 173.877 87.807 
SCF 50 31.818 33.634 12.192 262.564 353.376 132.498 
NoSCF 50 34.381 36.538 13.389 264.066 355.227 133.142 
At 50% Vr, the difference in the mechanical property predictions of the unit cells 
with and without the SCFs at the bundle intersections was at its greatest, due to 
the greater number of intersections in the models, shown in Table 32. The 
modulus predictions were 7.3% and 8.1 % lower for the models with the SCFs at 
the bundle intersections for the 5mm and 25mm bundle length models, 
respectively. The strength predictions were also 3.8% and 0.5% lower for the 
5mm and 25mm SCF bundle length models, respectively. 
The results from this study have shown that by incorporating the influence of the 
SCFs at the bundle intersections the modulus and strength of the unit cells reduce 
across the range of volume fractions and fibre lengths considered in this analysis. 
The introduction of the SCFs attempts to account for the 3D nature of the bundle 
intersections at the macro scale, which cannot be captured currently in the 2D fibre 
bundle architectures that the model generates. 
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4.3.4 Comparison to experimental data and analytical models 
This section benchmarks the mechanical properties obtained using the free-mesh 
model against experimental data and an existing analytical model at a fibre 
volume fraction of50%. Five repeats were performed for each fibre bundle length 
(3mm, 5mm, 7mm, 9mm, 12mm, 15mm, 20mm, 25mm and 40mm), with the 
mean of the modulus and strength predictions used for the comparisons. A cell 
size of 50x50mm was used in this analysis, apart from the 40mm bundle length 
model where a cell size of 80x80mm was used (two times the fibre bundle 
length) . The interface penalty stiffuess was set to 10e6 N/mm3 and the interfacial 
shear strength was set to 23.1 MPa. 
The modulus predictions for the free-mesh model are compared to the analytical 
model developed in [169] and experimental test results from [36] in Figure 134. 
The analytical model has relatively good agreement with the experimental results 
for the bundle lengths considered in this analysis, with the analytical model 
providing an upper bound for the modulus prediction of the random discontinuous 
carbon composite material. The FE predictions for the free mesh model lie 
between the bounds set by the experimental test results, which provides a good 
approximation ( ~ I I 0%) for the stiffuess of the material across the full range of 
bundle lengths considered in this analysis. 
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Figure 134 - Modulus predictions at a range of fibre bundle lengths at 50% V f 
compared to experimental test results [36] and existing analytical model in [169]. 
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The strength of the discontinuous material for the range of bundle lengths 
considered in this analysis can be seen in Figure 135. Good agreement (- 18%) 
was found between the experimental results and the strength predictions from the 
free-mesh model for the fibre bundle lengths considered. This is a small 
improvement on the strength predictions from the existing embedded element 
model in [68], which provided strength predictions within 20% of the same 
experimental results in [36] . 
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Figure 135 - Strength predictions at a range of fibre bundle lengths at 50% V f 
compared to experimental test results from [36]. 
The 2D free-mesh model over-predicts the strength of the discontinuous material 
when compared to the experimental data from [36]. The model is a 20 
idealisation of a 3D problem, with the 20 fibre bundle architecture providing 
higher strength predictions than would be expected for the discontinuous material. 
If the fibre bundles were in a 3D volume, matrix material would be present 
between the layers of fibres, which would be subjected to high stresses as load is 
transferred between the fibre bundles. An attempt to capture this was made by 
performing mesoscale analysis of bundle interactions in a unit cell, however, only 
two fibre bundles were considered in isolation in that analysis. Although the 
modulus predictions from the 20 free-mesh model are relatively good (- 10%), 
after performing the analysis contained in this section a 3D model is seen as 
essential to further improve strength predictions for discontinuous composites at 
the macroscale. 
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Chapter 5 Discussion and Conclusions 
The aim of this chapter is to discuss the findings and present the conclusions 
established during this work, with recommendations made for future study in the 
field. The thesis has been centred on the development of a 2D macro scale model 
that enables interfacial debonding between fibre and matrix to predict the 
mechanical properties of discontinuous composite materials, using multi-scale 
modelling techniques. Microscale and mesoscale analysis was performed and data 
was subsequently passed to the macro scale to improve the predictions of the in-
plane tensile stiffuess and strength. Experimental testing has also been conducted 
to provide the input data for the FE analysis for the fibre bundle and matrix 
materials. The results from the macro scale model have been benchmarked against 
existing analytical and numerical models, with comparisons also made to 
experimental results for discontinuous carbon composite materials. Whilst this 
methodology has only been applied to predict the performance of BRAC3D 
material in the current thesis, the methodology can be universally applied to other 
discontinuous fibre architectures, such as SMCs and BMCs. 
5.1 Material characterisation and damage modelling 
Damage models have been developed using FORTRAN, compatible with 
ABAQUS/Standard. The development of the user-defined material models 
(UMATs) allows damage initiation, damage progression and final failure to be 
monitored in FE models. Models have typically been produced to predict the 
stiffuess of discontinuous composites; however, by integrating damage into the 
FE analysis, it was possible to also predict the failure strength of the 
discontinuous composite material. Experimental testing of the material 
constituents (section 3.1) allowed accurate data to be fed into user-defined 
material damage models (section 3.2), improving the modulus and strength 
predictions for discontinuous materials. UMAT's have been produced for 2D and 
3D analyses, which were used at all material scales in this thesis - micro, meso 
and macroscale. 
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5.2 Microscale modelling 
Micromechanical analysis of a single carbon fibre embedded in a matrix region 
has been conducted in section 4.1.1. By analysing one fibre in isolation, a robust 
and reliable model was developed to quantify the influence of the debonding 
parameters used at the interface between fibre and matrix. It was shown that a 
small interface, with a thickness of only 1 % of the fibre radius, can greatly 
influence the stress transfer between the fibre and matrix materials. FE results 
have been benchmarked against the shear lag model, existing single fibre 
composite models and experimental results currently in the literature. 
Limitations of existing analytical and numerical models were established and 
traction-separation laws, with suitable parameters for interface penalty stitfuess 
(K=106 N/mm\ interfacial shear strength (to=20MPa) and interfacial fracture 
toughness (Gc=220 J/m2), were determined at the micro scale for use at the 
macro scale for high volume fraction discontinuous composite materials. The 
effect of constituent damage to the fibre and matrix was not considered in section 
4.1.1, to allow the influence of the interfacial properties to be assessed 
independently. If fibre and matrix damage was considered in the analysis it is 
expected that the stresses achieved in the fibre would fall due to failures in the 
matrix material at the base of the embedded fibre, attributable to the discontinuity 
at the fibre end. 
The fibre ineffective length study (section 4.1.2) has shown that the SCF found in 
fibres neighbouring a fractured fibre can strongly influence the mechanical 
properties of the material at the micro scale for short fibre lengths «1 mm). The 
ineffective length of the broken fibre was calculated along with stress 
concentration factors in the adjacent fibres, with the material stiffuess (fibre, 
matrix and interface) varied in a full factorial study to assess the change in the 
monitored output parameters. Both output parameters were found to be dependent 
on the Efillft,lEmatrix ratio, with a reduction in this ratio providing a reduced 
ineffective length of the broken fibre and lower SCFs in neighbouring fibre. 
Matrix failure initiated and propagated from the site of a fibre fracture, leading to 
increased stress levels in adjacent fibres and therefore more fibre failures in the 
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composite material. Although the fibre ineffective length almost doubled from 
851lm to 165Jlm, the range of ineffective fibre lengths obtained are much lower 
than the fibre bundle lengths (>5mm) considered at the meso and macro scale; 
therefore, the proportion of the bundle length affected by the discontinuities was 
deemed to be negligible in this analysis. 
Periodic unit cells were developed in section 4.1.3 to determine fibre bundle 
properties, represented as a unidirectional composite. Mechanical properties were 
determined for a range of bundle volume fractions to create a material library for 
use in analysis at the mesoscale and macroscale for discontinuous composite 
materials. Good agreement was found between the FE models and analytical 
predictions for loading along the length of the fibre (-1%), however for the 
transverse and shear load cases the analytical models provided poor predictions 
(-22%) as they failed to capture the complex stress distribution in the unit cells. 
The transverse and shear strengths of the bundle have been calculated from the FE 
models; however, the tensile strength of the bundle along its axis was determined 
from experimental tests, at a range of gauge lengths in section 3.1.2, to ensure the 
fractures present in the filaments along the length of the bundle were accounted 
for at the macro scale. 
5.3 Mesoscale modelling 
The objective of the mesoscale analysis was to understand and quantify the 
parameters that can influence the mechanical properties of a unit cell containing 
two discontinuous fibre bundles. It was shown that the stress transfer between two 
fibre bundles is complex, with many variables influencing the stress distribution 
in the unit cells. The redistribution of stress at a bundle end, or at the point of a 
bundle failure, in a discontinuous composite is important when predicting the 
strength of the material. It was found that by increasing the aspect ratio of the 
fibre bundle the ineffective length of the fractured bundle decreased by over 50%, 
for the bundle aspect ratios considered in this analysis. In addition to the reduction 
in bundle ineffective length, lower SCFs were also observed in the neighbouring 
bundle as the aspect ratio of the bundles was increased, with the overload caused 
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by the bundle fracture more evenly distributed along the length of the adjacent 
bundle. 
The effect of bundle orientation and bundle separation distance on the SCFs found 
in discontinuous composites was investigated by monitoring the stress distribution 
and damage development in a unit cell containing two fibre bundles. As the 
separation distance between the fibre bundles decreased there was an increase in 
stiffuess of the unit cell (-1.9%), however, this also coincided with greater stress 
concentrations in the bundle aligned to the direction of loading. The SCFs found 
in the bundles, based on orientation and separation, were carried forward to the 
macro scale to develop a stiffness reduction scheme for the bundle elements at the 
intersection points to account for the 3D nature of the bundle interactions. 
5.4 Macroscale modelling 
A macro scale model has been developed to predict the mechanical properties of 
discontinuous composite materials. 20 fibre bundle architectures were generated, 
with a free-meshing technique employed to mesh the unit cell ready for FE 
analysis. Bundle-matrix debonding was permitted in the analysis by the use 
connector elements at the interface, with the interface properties established at the 
micro scale used to define the traction-separation relationship of the connector 
elements. The mechanical properties of the fibre bundles are also taken from the 
micro scale analysis contained in this thesis. 
Two fibre bundle lengths at a range of fibre volume fractions were considered 
initially in section 4.3.1, with no interfacial failure permitted, to allow the model 
to be bencbmarked against an existing embedded element model developed in 
[68]. There was good agreement found between the embedded and free mesh 
models for the mechanical property prediction at longer fibre lengths (25mm), 
however at shorter bundle lengths (Smm) the embedded element model predicted 
higher modulus and strength values for the unit cell, with average modulus and 
strength variations of 13.16% and 19.41%, respectively, at 50% Vr. This was 
attributable to more bundle segments being present in the model for the short 
, 
bundle length, with more bundle elements hosted by the same matrix in the 
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embedded element model. It is expected that the modulus prediction of the free 
mesh model is more representative of the discontinuous material as it does not 
host the bundle elements in the matrix like the existing embedded element model. 
Interfacial failure was then considered in section 4.3.2 to assess the influence of 
interface penalty stiffuess and interfacial shear strength on the strength predictions 
of the model. An increase in interfacial penalty stiffhess from 10e6 to 10el2 
N/mm3 saw a slight increase in modulus of the unit cell, but this increase in 
modulus was less than 0.15% across the full range of volume fractions for both 
bundle lengths. A penalty stiffhess of lOe6 N/mm3 was selected to avoid 
numerical instabilities in the FE analysis, which can arise if the interface stiffuess 
is too great, according to the findings in [123]. 
The interfacial shear strength was shown to strongly dictate the strength 
predictions of the discontinuous material, particularly at shorter fibre bundle 
lengths (-5mm). A weak interface (-10MPa) saw the strength of the material drop 
by up to 40% at high volume fractions (50% V r) when compared to models with a 
strong ISS (-40MPa). At longer fibre bundle lengths (-25mm) the interfacial 
shear strength had less influence on the strength predictions of the discontinuous 
material, due to the larger force required to initiate bundle-matrix debonding for 
the greater encapsulated bundle length. 
The characterisation of the fibre bundle architecture in discontinuous materials is 
difficult due to the heterogeneity of the material. The 20 macro scale model was 
able to capture the in-plane variation of the bundle geometry and an attempt was 
made to capture the out-of-plane bundle geometry at the mesoscale when 
considering two interacting fibre bundles. Using the mesoscale results from the 
mesoscale study (section 4.2.2), SCFs were introduced at the bundle intersections 
to account for the 3D nature of the interaction between the fibre bundles. A 
reduction in the modulus (-7.3% at 50% Vr) and strength (-3.8% at 50% Vr) 
predictions was observed for the 5mm bundle length model. A reduction in 
modulus (-8.1 % at 50% V r) was also observed at longer bundle lengths (-25mm), 
but the reduction in strength was only 0.5% when compared to the free-mesh 
models without the SCFs. 
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Finally, the model was validated against an existing analytical model and 
experimental test data in section 4.3.4. Good agreement (-10%) was found 
between the model and experimental test results when predicting the modulus of 
the discontinuous carbon composite material. The strength predictions provided 
by the free-mesh model have improved on the predictions made by the existing 
embedded element model [169], with an error of 18% found when compared to 
experimental test results for the bundle lengths considered in this analysis. This 
improvement will aid the development of discontinuous composite materials for 
semi-structural and structural applications, as designers will have more confidence 
in the mechanical property predictions from the macro scale model, which has 
previously been a barrier to acceptance of discontinuous materials. 
5.5 Recommendations for future work 
Areas that would benefit from further study are summarised below: 
• It would be beneficial to conduct more extensive experimental testing on 
the material constituents (filament, bundle and matrix materials) to 
improve the modulus and failure stress/strain values used in the developed 
UMATs. This would improve the accuracy of the models at all scales. 
• To further improve the modulus and strength predictions of the macro scale 
model it is essential that the 3D fibre bundle architecture is captured, 
which will account for bundle tortuosity throughout the thickness of the 
material. It is acknowledged that the generation and analysis of 3D bundle 
architectures would be computationally expensive, but it is seen as the 
only option to further improve the mechanical property predictions for 
discontinuous composite materials. 
• The interfacial shear strength between bundle and matrix materials in the 
current models use values obtained from studies in the literature. To 
improve the accuracy of the values used for the interfacial shear strength it 
would be beneficial to perform a number of fibre bundle pull-out tests at a 
range of encapsulated bundle lengths. The shear strengths obtained from 
the experimental testing would help to improve strength predictions for the 
discontinuous material at the macroscale. 
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• Currently, the experimental data available to validate the model against is 
limited. Additional experimental testing of discontinuous carbon 
composite materials, especially at shorter fibre bundle lengths (-5mm), 
would allow the model to be validated against a greater range of bundle 
lengths. 
• The Delaunay meshing algorithm used to mesh the model would benefit 
from further refinement to improve the speed that models can be meshed. 
A fine grid of points is required across the model boundary to ensure a 
good quality mesh is produced, which limits the cell size and bundle 
lengths that can be currently be considered for analysis. 
• It would be beneficial to produce a number of models for a range of 
bundle sizes, which could be validated against some further experimental 
testing data. It is anticipated the mechanical property predictions of the 
model would improve for smaller bundle sizes as the bundle is represented 
by a beam element. However, the fine grid required to produce a good 
quality mesh currently makes it unfeasible to consider smaller bundle sizes 
at high fibre volume fractions for FE analysis. 
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The user interface for the macro scale model is shown in Figure 136, with the 
screen split into five cells (A to E) to explain what parameters the user can specify 
when generating a discontinuous model. Each cells function is listed below: 
Cell A - The user can specify the size, length and filament diameter of the carbon 
fibre bundles. A target V f can also be specified for the unit cell, along with the 
bundle volume fraction. When the constants are calculated, a target volume for the 
unit cell is returned, along with the actual V f obtained in the unit cell and the 
relative percentage error associated with it. 
Cell B - The length, width and depth of the unit cell is defined in this section. The 
user is also able to specify whether they wish to produce a periodic unit cell, 
tensile specimen or a non-repeating RVE. 
Cell C - The filamentisation distribution of the fibre bundles can be specified in 
this section. Data can be exported into the model for the distribution from an 
external source - in Excel spread-sheet format. 
Cell D - The fibre orientation distribution is defined in this section, with the user 
able to specify if they want a 100% random orientation or a certain level 0 f fibre 
alignment. 
Cell E - Delaunay triangulation parameters are specified in this section. An 
element dimension size is set initially, before a point set is generated for the fibre 
bundle and matrix materials to allow meshing of the models. Connector elements 
are then generated between the fibre and matrix interface, before finally 
performing a mesh quality assessment to ensure the mesh is of adequate quality 
for analysis. If the mesh is unacceptable, it is recommended a smaller value is 
used for the element dimension size. 
Figure 137 shows the as-deposited state, cropped state and filamentisation levels 
of the fibre bundle architecture that is generated from the specified input 
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parameters shown in Figure 136. The next step for the program is to generate the 
ABAQUS input files for FE analysis of the free mesh models. The user interface 
developed to define these parameters is shown in Figure 138, with a description of 
the parameters that need to be defined in each cell shown below: 
Cell F - The mechanical properties for the fibre bundle and matrix materials for 
the FE analysis are defined in this cell. 
Cell G - The number of increments for the FE analysis is specified in this cell. A 
stiffuess only analysis can be selected, which applies the prescribed strain over 
one increment. The level of applied strain and the direction in which it is applied 
is also defined in this cell. 
Cell H - To allow comparisons with the embedded element model in section 
4.3.1, models with identical fibre bundle architecture can be produced that use the 
embedded element technique. The fibre and matrix element sizes needs to be 
defined prior to generating the ABAQUS input file. 
Cell I - The interface penalty stifihess, the shear strength of the interface, and the 
fracture toughness of the interface is defined in this cell for the free mesh model. 
A check box also allows the user to implement the SCF knockdowns at the bundle 
intersection points if it is desired for the FE analysis, as discussed in section 3.5.4. 
Following the definition of these parameters, an ABAQUS input file for the free 
mesh model can be generated ready for FE analysis. 
After the input file has been successfully generated an ABAQUS job is created for 
the model and it is submitted in parallel with the developed UMAT - discussed 
fully in section 3.2. This allows the damage in the unit cell to be monitored as the 
applied strain is increased and allows strength predictions to be made for the 
discontinuous material. 
209 
'. Random Fibn! Generale< 044¥¥4-.• _ :"::' 
FIn GenIRIIion I em FIn I ~ ~ Fie GenonIion I 
,---------------- - ------------------- 1 
I Fibre Parameters A I 
: VirginTaNSize(k) j1 2 ~ ~ Unit Cell Tllrget Fibre Volume (mm3) ~ ~ I 
I TaN Length (mm) 5 ActUIII Fibre Volume (mm3) ~ 7 7 . & 8 8 7 t t
1 
1 Filament diemeter (mm) 
I 
I C a n p o s ~ e eVI 
I TaNVI , 
0.007 
0.5 
0.6 
Error(%) 
ActUIII Volume FRlClion ("/0) 
IO.015743T 
Iso.oo78n! 
, 
-Unit cell Parameters- - - - - - - - - - - - - - - - - - - - - - - - --
,---------------- - --------- - ---------, 
, Length (mm) - ldi, I so r. PeriocflC Unit Cell B I 
: Width (mm) - 2di, so r Non Repeating RYE ICAJer :::J : 
I Depth (mm) -3di' 3.5 r Tensile Specimen I 
1 
I I , , S ~ ' '
Calculate Constants 
1 Chamcteristic Dimension (mm) 30 •••••••••••••••••••••• 11 
I ' 
-FiiamentiSailon Distribution - - - - - - - - -:. -:. -:. -:. -:. ---:. -:. -:. ---: ---: -: - - - - - - - - - - - - - - -
Delaunay Triangulation ~ - - - - - - - - - - - - - - - - - - - - I I
I Filamentisation On r e i 
I 
I Beta Constant r-;s- I 
I 
I C,eateFile r 
~ ~I !C \Onert/JlJonTnai I _ _________ _ __________ J 
Fibre Orientation Distribution 
r - - - - - - - - - - - - - - - - - - - - ~ ~100% Random on P D 
Normalisation Constant (alphD) SO 16 
location Parameter (mu) I -024$20n 
I Shllpe Parameter (Beta) I 0063756 I 
~ - - - - - - - - - - - - - - ______ I 
10:46:50 
Element Dimension Size (mm) ro:s 
1. Fibre Nodes Number of Fibre Segments r-
Number of Intersections r-
2. Resin Nodes Number of Fibre Nodes r-
Number of Fibre Elements r-
3. 0eI1H.NY 01 Resin Nodes 
Number of Resin Nodes r-
4. Generate Comecklr Bemenl> 
Number of Resin Elements r-
Number of Spring Elements r-
5. Mesh Quality Asses.ment Number of 'Poor" Elements r-
L_________ E - - - - - - - - - - - - - - - - - - - ~ ~
Figure 136 - User interface for the developed macro scale model. 
Appendix B 
210 
Appendix B 
a';] Random Fibre Generator l c : : ' I @ @ I ~ ~
Fibre Genermion Draw Filre \ Input File Genermion I 
17 Add Unit Cell Boundary ~ ~
Crop 
17' =il;;nertisctior _e' el 
} 
I I I I I I t I I 
J 
~ ~ ili 
Figure 137 - As-deposited state (top left) and cropped state (top right), with filamentisation level of the bundles (bottom), 
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Appendix C Failure Criterion for 3D Analysis 
This section details the failure criterion used to develop damage models for 3D 
analysis. The development of damage models for 2D analysis is detailed fully in 
section 3.2, but the equations shown in that section only defme the 2D failure 
envelopes for the materials. Equation 38 and Equation 39 show the von Mises and 
Maximum Stress criterion failure criterions, respectively, which were used in the 
3D analysis at the microscale and mesoscale. 
Von Mises 
Equation 38 
Maximum Stress criterion 
-(1c < {(111 (12' (13 } < at Equation 39 
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AppendixD Periodic boundary conditions 
The following equation constraints are imposed on the macro scale model when 
periodic boundary conditions are selected: 
**Constraint: Equations for dummy nodes for a 5x5 unit cell 
** Periodic Boundary Conditions 
* EQUATION 
**Edges of the periodic unit cell 
3 
Left, I, -I, Right, 1, 1, DUMMY 1 , 1, -5 
2 
Left, 2, -1, Right, 2, 1 
3 
Bottom, 1, -1, Top, 1, 1, DUMMY3, 1, -5 
3 
Bottom, 2, -1, Top, 2, 1, DUMMY2, 1, -5 
** 
**Vertices (comers) of the periodic unit cell 
3 
TOP LEFT, 1, -1, TOP RIGHT, 1, 1, DUMMYl, 1, -5 
2 
TOP LEFT, 2, -1, TOP RIGHT, 2, 1 
4 
BOTTOMLEFT, 1, -1, TOPRIGHT, 1, 1, DUMMY 1 , 1, -5, DUMMY3, 1, - 5 
3 
BOTTOMLEFT, 2, -1, TOPRIGHT, 2, 1, DUMMY2, 1, -5 
3 
BOTTOMRIGHT, 1, -1, TOPRIGHT, 1, 1, DUMMY3, 1, -5 
3 
BOTTOMRIGHT, 2, -1, TOPRIGHT, 2, 1, DUMMY2, 1,-5 
Key for the above node sets in the equation constraints for periodic boundary 
conditions: 
Left - left edge of the unit cell. 
Top - top edge of unit cell. 
Right - right edge of the unit cell. 
Bottom - bottom edge of unit cell. 
TOP LEFT - top left node of unit cell. 
TOPRIGHT -top right node of unit cell. 
BOTTOMLEFT - bottom left node of unit cell. 
BOTTOMRIGHT - bottom right node ofunit cell. 
DUMMY 1 , DUMMY2, DUMMY3 - dummy nodes used to apply displacement 
to unit cell in the x, y and xy directions respectively. 
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